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The general antenna is not of great interest. Its general- 
ity is so great that any pile of tin with a transmission 
line exciting it may be called an antenna. It is evident on 
physical grounds that such a pile of tin does not make a 
good antenna, and it is worthwhile to search for some distin- 
guishing characteristics that can be used to differentiate 
between an ordinary pile of tin and one that makes a good 
antenna. When the properties of a good antenna are consider- 
ed, the only one that stands out is the general economy of 
metal. A good antenna does not have an ensemble of metallic 
ears, flaps, and springs that play no useful role in the 
business of radiating. 

C.G. Montgomery 

R.H. Dicke 


ABSTRACT 


Measurement and computational procedures are developed 
for inferring the frequency responses (both driving point 
and far field) of an antenna or antenna system from measure- 
ments made in the timeidomain (using nanosecond time-domain- 
reflectometer techniques). A hybrid computer has been used 
to present simultaneous displays. of the pulse response and 
the frequency response (in both magnitude and phase). The 
experimental technique is used to empirically design a new 
wideband antenna for the 3-30 MHz band from measurements 
made on scale models. A design principle for:an antenna 
which is to faithfully and efficiently transmit a very wide 
bandwidth signal is also presented, and an experimental 
evaluation of a preliminary design is reported. 

The frequency responses of individual parts of an 
antenna can be isolated and displayed simply with this 
experimental technique. To illustrate this, the input imped- 
ance and radiation from an effectively infinite monopole are 
presented. These results verify previous theories. Trans- 
mission and reflection coefficients describing the propagat— 
ion of monochromatic current waves on thin bent wire 
antennas are inferred from parts of the reflected pulse 
response. Inspection of both the reflected pulses and the 
inferred frequency responses reveals the mechanism of current 


propagation on a bent wire antenna. 
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GLOSSARY 


Symbols, abbreviations and definitions. Unless other- 
wise defined symbols have the meanings given below: 
a : radius of inner conductor of coaxial line; radius 


of antenna 


ADC : analogue to digital converter 
bd : vradius of outer conductor of coaxial line 
c : velocity of electromagnetic waves in free space 
=~ 40 cm/ns 
c.w. : continuous wave 
DAC : digital to analogue converter 
@Bo2:~=« decibel 
DFT : discrete Fourier transform 
dia. : diameter 
Ef) >: electric field intensity as function of frequency 
eqn. : equation | 
f >: frequency 
FT >: Fourier transform 
FFT >: fast Fourier transform 
g(t) : general function of time (signal) 
G(f) : FP of g(t); gain of antenna as function of frequency 
GHz : gigahertz (102 Hz ) 
Hi. : magnetic field intensity vector 
H(f) : system transfer function of an antenna as function 


of frequency (section 2.4) 
he (t) : effective height of an antenna as function of 
frequency 


HF >: high frequency 


viil 


a 


Hz >: hertz 
j j= -1 
surface current density vector 

k: radian wave number = 27/r 
L length of antenna 
m metres 
MHz -: megahertz (10° Hz ) 
ms : millisecond (1077 second) 
mv : millivolt (107? volt) 
n : refractive index 

i number of samples 
ns : nanosecond (107? second) 


. harrow pulse: pulse whose duration is short compared to 
the time it takes to propagate, at the velocity of 


light, along an antenna, 
12 


12 


pf : picofarad (10 “ farad) 


ps : picosecond (10 “ second) 

pulse duration: the duration of a pulse measured between 
the points at which its amplitude is -20 dB of its 
peak amplitude (section 4.1) 

pulse risetime: the time taken for a pulse to rise between 
10% and 90% of its amplitude 

r : distance separating two antennas (chapters 1-10); 
radius of curvature of bend Cohepten 41) 

rad. : radius 

R(f) : reception transfer function of an antenna as function 
of frequency (section 2.4) 

RF >: radio frequency 


RMS > root mean square 


time domain scattering parameter from port n 
towards port m 

FT of Baa v') 

standard Wire gauge 

time 

sampling interval 

transmission transfer function of an antenna as 
function of frequency (section 2.4) 


time domain reflectometer 


: . transverse electromagnetic 


time to frequency transformation 

transverse magnetic 

test pulse 

FT of u(t) 

velocity factor (the ratio of the velocity of 
propagation to c) 

response of antenna or antenna system to u(t) 


FT of v(t) 


very high frequency 


voltage standing wave ratio 

(1-w) is the fraction of the samples in a time 
domain record to which a data window is applied 
(section 2.3.3.1.2) 


surge impedance (section 5.4.2) 


antenna input impedance as function of frequency 


loss factor 


transmission coefficient for bent wire antenna as 


function of frequency (chapter 11) 
current reflection coefficient for bend in wire 


antenna as function of frequency ( chapter 11) 


ix 


) : quantising interval 

€ >: error; permittivity of free space 

E, : relative permittivity 

n characteristic impedance of free space (= 120% ohms) 
S) general angle 

r : wavelength 

vy permeability of free space 

v : microvolt (10~° volt) 

v : amplitude jitter (section 2.3.3.2.1) 

E : confidence level (section 2.3.3.2) 

e(f) : voltage reflection coefficient at input of an 


antenna as function of frequency (section 2.3) 


of : variance 
v : time delay 
© half flare angle (chapters 6 and 7) 
apex angle: (chapter 7) 
Ww radian frequency = nf 
* 


convolution; complex conjugate 


Xi 
PREFACE 


During the last decade a number of papers have appeared 
porn in the IEEE Transactions on Antennas and Propagation) 
in which the time response of an antenna to transient input 
signals is obtained by a Fourier transformation of its 
frequency response. In many cases experiments were done to 
substantiate the calculations. These calculations can only 
be made for antennas for which the frequency response is 
known, and for effectively band limited input signals. On 
the ether hand, With modern equipment, measurements of the 
transient response of VHF and microwave antennas can be made 
. with less labour than conventional frequency domain measure- 
ments. The frequency response of an antenna is usually more 
useful in radio communications engineering than the transient 
response. This thesis is concerned witn inferring the 
frequency response (in both magnitude and phase) of an antenna 
from a pair of measurements made in the time domain. The 
experimental procedure is called the time-to-frequency trans— 
formation (TFT) technique. Measurement and computational 
Sroceduned are developed for obtaining the frequency responses 
(both input and far field) of an antenna or system of 
antennas by the TFT technique. The practical value of the 
TFT technique is shown by its use in the empirical design 

and development of a wideband antenna for the 4-40 MHz band 
from measurements made on scale models, and in the study of 
the propagation of current on bent wire antennas. A design 
principle for an antenna system which is to faithfully and 


efficiently transmit a very wide bandwidth signal is also 


Xil 


presented, and an experimental evaluation of a preliminary 
design is reported. 

The increasing importance of the TFT technique is evi- 
“Gent by the increasing attention being devoted to it in the 
literature. Recent issues of the IEEE journals contain 
papers which have been of considerable help to the author. 
These papers come from two places: the Sperry Rand Research 
Centre, Massachusetts, where’ the TFT technique has been 
applied to the measurement of coaxial transmission line com- 
ponents (including cables) and dielectric materials 
(Nicolson 1968, WiSSIsOA ane Ross 1970); and the IBM Watson. 
Research Centre, New York, where the utility of the union of 
_ @ sampling oscilloscope and a computer for making general 
network measurements has been pealiseas and software and 
hardware is being developed for a variety of measurement 
functions (Farber and Ho 1969, Stuckert 1969, Elliot 1970). 
As far as the author is aware, this thesis reports the first 
application of the TFT technique to antenna measurements. 

Chapter 1 is introductory: and contains a review of 
previous work on the transient response of antennas. Only 
work relevent to this thesis is included, e.g. the radiation 
of transients into plasmas is excluded. New work is contain-— 
ed in the remainder of the thesis, which is divided into four 
parts. In the following discussion, the new work is indicat-— 
ed explicitly. 

Part I includes chapters 2-4 and is concerned with the 
TFT technique and its application to antenna measurements. 
Because this measuring technique is essentially new it is 


discussed in considerable detail, and résumés of previous 
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work are included for completeness. Ghastes e describes how 
to measure the driving point (reflected) and far field pulse 
responses of an antenna system and how to compute the 
Hepes eaen coefficient and system transfer function (as 
functions of frequency) from them. The far field transfer 
functions for an antenna on transmission and reception are 
introduced and how to infer them from a measurement. using a 
standard antenna is described (the use of a standard antenna 
with TPT procedures is new). It is shown how a sampling 
oscilloscope (which is used for a receiver) can be connected 
to a small general purpose computer (which are now available 
at only a few times the cost of a sampling oscilloscope) so 
that the measurement and subsequent processing can be done 
automatically. ‘A detailed discussion of the sources of 
error is included. Much of this follows Nicolson (1968) and 
Smith (1969) but some additions are made. The accuracy of 
the TFT technique is determined by comparison with a conven- 
tional slotted line measurement. The advantages of the TFT 
technique over conventional frequency domain methods for 
wideband antenna measurements are pointed out. In addition 
the frequency responses of different wentesof ah antenna can 
be isolated and displayed simply with the TFT technique. It 
is shown how transmission and reflection coefficients which 
describe the propagation and reflection of monochromatic 
current waves on bent wire antennas can be inferred from a 
measurement of only part of the reflected pulse response. 
This cannot be done simply with frequency domain methods. 
Noise generated by the sampling oscilloscope electronics 


imposes a fundamental limit on the measurement accuracy. To 
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overcome this, Nicolson (1969) has devised a method of 
sampling called 3-point scanning which uses a small computer 
and a sampling oscilloscope in a control loop. This deaaunes 
ment method, for which Nicolson has a patent pending, is 
described in chapter 2. It was used for many of the measure- 
ments reported in this thesis. 43-point scanning represents 

a major advance for the TFT technique because, with careful 
experimental technique, the accuracy of precision frequency 
domain measurements can be equalled and possibly exceeded. 

The design of the measurement apparatus which was used 
for all the measurements reported in this thesis is outlined 
in chapter 4. ‘The calibration of the standard antenna for 
. making far field measurements is described. The experimental 
procedures are given in detail. 

Chapter 4 is concerned with generating high speed 
Signals. “When this project commenced there were no suitable 
pulse generators available in New Zealand. So, some had to 
be built. Some of the designs were so successful (200 pico- 
second risetimes were achieved) that construction details 
are included. The total cost of the circuit components is 
less than the cost of the coaxial output connector. The 
chapter also contains a brief review of methods of generat- 
ing high speed Signals. 

The driving point responses of antennas are presented 
in Part II, which includes chapters 5-7. Chapter 5 is con- 
cerned with a representative example of a narrow band antenna 
(the dipole). The literature contains investigations of the 
transient resporses of various narrow band antennas, but most 


have been concerned with the dipole. Consequently much of 


chapter 5 is review and discussion. To illustrate how the 
TFT technique can be used to infer the frequency response of 
different parts of an antenna, the input impedance of an 
-etfectivery infinite monopole is presented. This result, 
which has never been obtained directly from experiment 
before, verifies previous theories. 

The characteristics of two wideband antennas, the conic- 
al monopole and the fan monopole are investigated in chapter 
6. The driving point characteristics of the conical mono- 
pole are included because this antenna type is of interest 
in Part III. ‘the vemeiaden of chapter 6 is an investigation 
of some wire fan antennas. Fans constructed from a contin- 
. uous sheet of metal are known to be good wideband antennas 
(Brown and Woodward, 1952) bus there does not seem to be any 
information available on fans made of discrete wires. The 
investigation reported here identifies the differences in 
performance between metal fans and wire fans. 

Chapter 7 continues from chapter 6 and explores the 
potential of wire fan dipoles as wideband antennas in the 
3-30 MHz high frequency (HF) band. The New Zealand Post 
Office (NZPO) have a need for a simple (and hence robust) HF 
wideband antenna for radio telephone services to isolated 
parts of New Zealand and the Pacific Islands. During 
discussions with R.H.T. Bates (project supervisor) and E.d. 
Young (NZPO) the idea arose of using some sort of wire fan. 
In chapter 7, two HF antennas are developed empirically by 
inferring the input impedance of one-fiftieth size scale 
models with the TFT technique. Measurements made on full 


size antennas (61 metres long) show that the empirical designs 


are satisfactory HF antennas. This demonstrates that the 
TFT technique for antenna measurements has practical value. 
Suggestions for improving the designs are included. An 
improved design (not reported in this thesis) is about to 
begin in-service assessments. 

Part III (chapters 8-10) is concerned with the problem 
of characterising an efficient antenna system which will 
reproduce faithfully, at the output of the receiving antenna, 
a very wide bandwidth signal which has been applied to the 
input of the transmitting antenna. This cannot be done with 
existing antenna designs. A design principle based on a note 
by Bates (1967) for such an antenna is given in chapter 8, and 
suitable types of antenna are discussed. 

The far field responses of conical monopoles are report- 

ed in chapter 9. It is shown that phase-correction (as 
suggested by the theoretical approach presented in chapter 8) 
of conical monopoles improves their system response. 
Included is an experimental verification of previous theoret- 
ical predictions of the frequency dependence of the radiation 
which occurs when a transient is radiated from the base of a 
thin cylindrical monopole. 

Chapter 10 discusses the results presented in the 
previous two chapters, and is concerned with possible exten- 
sions of this work. Some errors in the literature are 
pointed out. . 

Part IV (chapter 11) contains an experimental study of 
the propagation of current on bent wire antennas. Accurate 
measurements of the driving point responses of bent wire 


antennas are presented. These measurements show that the 
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pulse reflected from a sharp bend is a compressed version of 
the incident pulse and that a pulse propagating around a 
gradual bend exhibits a continuous reflection from the whole 
length of the bend. Transmission and reflection coefficients 
(which were introduced earlier in chapter 2) describing the 
propagation and reflection of monochromatic waves on the 
bent wires are inferred from the measurements. Inspection 
of the shape of the pulse reflected from the tip of the bent 
wires and “he inferred frequency responses reveals the 
mechanism of current propagation on the bent wire antennas. 
These results aze new. The chapter concludes with suggest- 
ions for extending this our 
All the measurements reported in this thesis were 
performed automatically by the EAI-590 hybrid computer of 
the Electrical Engineering Department. The measurements were 
processed either by the EAI-590 computer or by the IBM 360/44 
digital computer of the University of Canterbury Computer 
Centre. With the exception of the standard IBM scientific 
subroutine HARM, which was a fast-Fourier-transform algorithm, 
and a measurement program used in chapter 11, all computer 
programs used were written by the author in FORTRAN IV or 
EFAI-640 ASSEMBLER language. 
Papers published, accepted or submitted to date on 

topics from this thesis are: | 
(i) R.H.T. Bates and G.A. Burrell: "Simultaneous display 

of frequency and pulse responses of antennas", paper 

presented at AICA-IFIP Conference on Hybrid Computat-— 

ion, Munich, August-September 1970, and to appear in 


the Proceedings. 
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(ii) R.H.T. Bates and G.A. Burrell: "Towards faithful 
radio transmission of very wide bandwidth signals", 
' paper to appear in IEEE eswsactions on Antennas and 
Propagation. 
(iii) G.A. Burrell: "Experimental determination of the 
input impedance of an effectively infinite monopole", 


communication submitted to Proc. IREE (Australia). 


CHAPTER 1: REVIEW OF TRANSIENT RESPONSE OF ANTENNAS 


During the last 45 years or so considerable interest has 
been shown in the transient radiation and driving point 
characteristics of antennas. In modern radar systems the 
trend is to use physically large antennas. At the same time 
the use of very short pulse modulated signals to improve 
range resolution has become important. Also, electronic 
scanning has made it possible to steer the beam of antenna 
arrays very rapidly. Ultimately it is the inability of the 
antenna system to respond to very rapid changes in the trans- 
mitted signals which limits the overall performance of the 
. radar system. Similarly the bandwidth of the signal which 
can be faithfully transmitted by a radio communications 
system is ultimately limited by both the transient driving 
point and the transient radiavion characteristics of the 
antenna system. 

In the early 1960's fast pulse generators and fast 
oscilloscopes became available so that the transient 
responses of antennas which were a realistic physical size 
could be measured. This stimulated interest in transient 
responses because theoretical predictions could be substant- 
iated by experiment. Papers appeared reporting the measure- 
‘ment of the transient radiation and driving point responses 
of various antenna types. The input Signals used were 
usually baseband (i.e. dc) pulses or step functions which 
can readily be generated with semiconductor devices. The 
pulse duration, or the step risetime, was short compared 


with the propagation time of electromagnetic waves along the 


antenna. Within the last few years interest has abated, and 
the only research team currently working on antenna transient 
responses, as far as the author is aware, is at the Sperry 
“Rand Research Centre, Sudbury, Massachusetts under the 
leadership of Dr G.F. Ross. 

| It is customary in most antenna problems to assume an 
exciting voltage (or current) which varies cisoidally with 
time’. Mathematical solutions are facilitated because time 
differentials and integrals are replaced by simple frequency 
dependences. This cannot be done if the input signal is an 
arbitrary time Function, and consequently direct time domain 
solutions are extremely difficult. They have however been 
_ obtained for an infinite cylindrical antenna. Wu (1961b) 
derives a formula for the current distribution on a dipole 
antenna avian by a step function of voltage for times 
shortly after the switch on of the voltage. The same result 
is obtained in a different way by Morgan (1962). Latham and 
Lee (1970) obtain a formula for the fields of an infinite 
dipole excited by a step function of voltage. Similar 
results had earlier been reported by Brundell (1960a). 

. The characteristics of antennas can be described with 
equal validity in the time domain or the frequency domain. 
The two domains are related by a Fourier transform (FT). 

The time response of an antenna to any input signal can 


always (theoretically) be determined completely from the 


In practice the monochromatic characteristics are very 
important because most antenna applications require essent- 
ially monochromatic signals to be transmitted or received. 
Even when the signals are modulated the bandwidth of the 
signal is at most a few per cent. The characteristics of 
practical antennas change only slightly over these band- 
widths. 


frequency response. Consequently most theoretical transient 
responses have been obtained by taking the inverse Fr of the 
frequency response. 

A complete determination of the time response for any 
input signal requires knowledge of the frequency response up 
to the highest frequency for which the input signal has 
Shuniiei cant energy. Obtaining the monochromatic input and 
radiation characteristics of an antenna is essentially a 
problem of solving Maxwell's equations subject to the boun- 
dary conditions imposed by the antenna and the source. This 
can be surprisingly difficult. An idea of the enormous 
amount of effort which has been expended by many people over 
__ Many decades on a mathematical analysis of the linear 
antenna can be had by thumbing through the pages of King 
(1956). Not all antennas have been solved theoretically, 
e.g. the formulas describing the input and radiation 
characteristics of helical antennas are empirical (Jasik 
1961, chapter 7). Theoretical solutions, when available, 
are only for a restricted range of parameters, e.g. the 
theoretical values of the input impedance of electrically 
thin dipoles up to about 10° wavelengths long are given by Wu 
(1961a). However they are only for four values of the 
radius-to-wavelength ratio (spanning a 3:1 range).. Thus 
they do not represent the input impedance of a fixed antenna 
over a wide frequency range. Lack of knowledge of the 
frequency response for high frequencies means that the time 
response can only be inferred for effectively band-limited 
input waves. 

Schmitt (1960) infers the transient transmission and 


reception responses of a thin cylindrical dipole excited by 


a step function of voltage. The responses were obtained for 
various source impedances. Some of his eesures were sub- 
stantiated by a transmission experiment between two monopoles 
mounted above a ground plane. However, because Schmitt 
truncated his inverse FT prematurely his theoretical results 
are in error. This is discussed later in chapter 10. The 
transient transmission and reception responses of a thin 
cylindrical monopole excited by baseband pulses of various 
durations are presented by Schmitt et al. (1966). Their 
calculations are more accurate than those of Schmitt (1960) 
pecause their knowledge of the frequency response was more 
complete. Good agreement with experiment was obtained. They 
__ show that for monopoles which are very short compared to the 
wavelength of the highest significant frequency in the input 
signal, the shape of the radiated field is proportional to 
the second time derivative of the input signal. When the 
short monopole is receiving the shape of the received signal 
is proportional to the time derivative of the shape of the 
incident field. These differences between transmission and 
reception agree with Mayo et al. (1961), who were probably 
the first to point out that’ the impulse response of an 
antenna is different on transmission and reception. If a 
simple RC integrating circuit is used for a load, then the 
short receiving henopoxs isa faithful (but inefficient) 
receiver of transient signals. These results were also 
confirmed by experiment. 

In a similar paper, Harrison and Williams (1965) infer 
the transmission and reception responses of wide angle 


conical antennas to baseband pulses of various durations. 


They show that for very short cones the transient behaviour 
is the same as for the thin cylindrical antenna described in 
the previous paragraph. They also show that for a large 
BE the shape of the radiated field is a replica of the in- 
put pulse until such time as the input pulse is reflected 
from the cone rim. No experimental results are given. 

The driving point transient response of a monopole has 
been investigated experimentally (using a narrow baseband 
pulse) by King and Schmitt (1962) and theoretically (inferred 
from the frequency response) by Williams (1963). Wu and King 
(1963) analyse cHegnebicaliy the shape of the reflected 
current when step functions are incident upon the junction 
of a coaxial line and a straight wire antenna. Emphasis is 
given to incident signals having finite risetimes. Numerical 
results are presented which Schmitt (1964) substantiated 
experimentally“. Ross et al. (1966a, 1966b) infer the 
driving point impulse response of a 50 ohm matched conical | 
monopole from theory by Papas and King (1949). They sub- 
stantiate the result with a narrow pulse measurement. 
Measurements were also made on mismatched cones. 

Palciauskas and Beam (1970) obtain the theoretical 
transient radiation fields of a thin cylindrical monopole 
excited by a baseband pulse for directions other than along 
the ground plane. Bolle and Jacobs (1962) show that the 
radiation pattern of long thin wire antennas for short pulse 
excitation is composed of we contributions from the ends of 
the antenna. They demonstrate how the familiar multilobed 


steady state pattern is a superposition of the two end 


these papers are discussed later in chapter 5. 


patterns. Wait (1969) obtains an approximate expression for 
the transient radiation field of a dipole over a finitely 
conducting ground in which a finite, circular ground screen 
Mig embedded. The dipole current is a ramp function of time. 
The early time behaviour is shown to be that for a perfectly 
conducting ground and the late time behaviour approaches that 
expected for a homogeneous flat ground. 

Harrison and King (1967) obtain the field radiated by 
an infinite monopole excited by a Gaussian voltage pulse by 
transforming the monochromatic far field derived by Papas 
(1949) into the time domain. The transient field was shown 
to be a fairly good replica of the input pulse, and they 
suggested its use as a known transient field for checking 
the distortion.introduced by transient measuring equipment. 
The use of electric and magnetic probes for measuring 
transient fields, both in air and in dissipative media, had 
been previously discussed by Harrison (1964b). Prescribed 
electromagnetic pulses can also be generated by shock | 
exciting (e.g. with a voltage step) a resistance loaded mono- 
pole (Merewether 1969, Taylor and Shumpert 1970). These 
repeatable and known fields can be used to investigate the 
effects of the transient electromagnetic fields generated by 
lightning flashes or nuclear explosions on both unprotected 
and shielded electronic equipment. The effectiveness of 
metallic shields against transient fields has been investig- 
ry by Harrison (1964a), Harrison et al. (1965) and 
Harrison and Papas (1965), and the effectiveness of the 
earth as a shield against transient fields has been 


investigated by King and Harrison (1968). The shape of the 


driving point voltage required #6 produce a prescribed 
transient radiation field from a dipole has also been con- 
sidered by Latham and Lee (1970). 

The transient radiation field of a rectangular loop 
antenna excited by a voltage step is considered by Dion 
(1970). The loops are fed-at the midpoint of one of their 
longest arms and are resistance loaded at the midpoint of 
the opposite arm to avoid ringing, and to simplify the 
analysis. The transient radiation field of the loop is 
obtained by integrating the contributions of each infinites- 
imal dipole around the loop. Reflections from the bends and 
the resistance load, and coupling between the branches of 
the loop, were neglected. It was also assumed that the 
current propagated around the loop undistorted and unatten- 
uated. The transient radiation field of the infinitesimal 
dipole was inferred from the well known monochromatic formula. 
The received voltage was obtained in a similar way, and 
responses for transmission between two loops were obtained 
numerically and experimentally. Good agreement neeween 
theory and experiment was obtained for the early part of the 
response but significant aiprenéieda occur for later times 
which means that the effects of the forementioned simplific- 
ations are not negligible. Consequently the method could 
not be used for an unloaded loop. . 

Katayama and Mushiake (1967) also start from the 
transient fields of the infinitesimal dipole in obtaining 
the transient radiation field of a two-element Yagi-Uda 
antenna excited by a step-modulated monochromatic wave. The 


antenna comprises a driven element and a reflector. They 


obtained their antenna current from an RLCO equivalent 
circuit, which means that their analysis is only valid for 
signals which have spectrums concentrated around the 
resonant frequency of the antenna. Consequently the early 
behaviour of the response (when the instantaneous bandwidth 
of the signal is highest) can be expected to be in error. 
Approximate numerical results are given and reasonable 
agreement with experiment was obtained. The results 
indicate that the buildup of the steady state radiation field 
of a two-element antenna takes about 12 cycles of the RF 
carrier. 

The transient behaviour of aperture antennas has been 
- analysed by Polk (1960), Mayo (1961) and Cheng and Tseng 
(1964). These authors seek analytical methods for determin- 
ing the time required for the establishment (or re- | 
establishment) of the main beam when sudden changes ale made 
in the excitation. The analyses are based on the FT, 
although it does not appear explicitly in the result of 
Cheng and Tseng. The transient buildup of the radiation 
field of a travelling wave waveguide slot array is analysed 
by Borgiotti (1966). In ait. these papers the signals applied 
to the antenna are assumed to be band-limited and further, 
the antenna must be large in terms of the wavelengths at all 
the frequencies in the signal spectrum. 

The driving point and far-field transient responses of 
horns and slotted waveguide antennas (including the coaxial 
‘line to waveguide transition) have been experimentally 
investigated by Ross et al. (1966b). The input signals used 
were a baseband pulse and a step modulated monochromatic 


wave. Heuristic arguments are presented to explain the 


observed results. 

A simple time domain method of obtaining the driving 
point transient response of a dipole is presented by Ross 
-(1966c). The antenna is represented by a network of loss-. 
less, constant characteristic impedance transmission lines 
with lumped discontinuities at the ends and at the driving 
point to introduce radiation loss and dispersion. The model 
parameters are determined by a simple narrow pulse measure- 
ment, and the model can then be used to obtain the response 
to any input signal. The transmission line model is discuss- 
ed later in chapter 5 where its limitations are pointed out. 
The transmission and reception responses of dipoles to step 
and impulse function excitation are also determined from 
transmission line models by Ross et al. (1966b) and Ross 
(1969a). 

A time domain criterion for the design of elements for 
faithfully transmitting and receiving transients is suggested 
by Ross (1968) and several transient receiving elements news 
been designed aha built on the basis of this criterion (Ross 
1967a, Fenster and Ross 1968)?, All transient receiving 
elements so far reported aré small compered with the wave- 
lengths corresponding to the main range of frequencies for 
which they are designed. Thus, the elements are not 
efficient receivers of radio energy. 

To sum up, it is apparent that three methods have been 
used to determine the transient characteristics of antennas. 
Direct analytical solutions in the time domain are extremely 


difficult. Inferring the transient response from the 
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These elements are discussed in chapter 8. 
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frequency response is limited to antenna types for which the 
monochromatic driving point and far field characteristics 
are known. A further limitation is that the input signal 
must be effectively bandlimited because theoretical 
knowledge of the frequency response is never compléte. 
Presumably experiments can always be devised to determine 
the frequency response as completely as required, but 
continuous wave (c.w.) measurements are very tedious. It 
turns out that it is easier to measure the transient response 
and to infer the frequency response from it. Part I of this 
thesis is concerned with this measurement procedure. Simple 


time domain models, which are postulated to explain an 


- observed response and are then used to obtain the response 


for other input signals, give results which are good enough 
for engineering applications. A simple narrow pulse measure- 
ment of the antenna (or a scale model of it) is all that is 


needed to determine the model parameters. 


PART I 


MEASUREMENT TECHNIQUES 
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CHAPTER 2: INFERRING FREQUENCY RESPONSES FROM ANTENNA 


MEASUREMENTS MADE IN THE TIME DOMAIN - 


THE TIME-TO-FREQUENCY TRANSFORMATION (TFT) TECHNIQUE 


2.1 INTRODUCTION 

Measuring the driving point and far field responses of 
VHF and microwave antenna systems to short pulse excitation 
is a natural development of the interest shown in the 
transient response of antennas during the last decade. There 
have been several examples of antenna ranges which use short 
pulse generators as transmitters and oscilloscopes as 
receivers (Schmitt 1960, King and Schmitt 1962, Ross et al. 
_ 1966a, Ross et al. 1966b, De Lorenzo 1967, Bates and Burrell 
1970). Conventional real-time oscilloscopes were uneares 
receivers during the early work of Schmitt (1960) and King 
and Schmitt (1962). The limited bandwidths of these 
receivers (400 MHz was reported by Schmitt) restricted the | 
speed of the transmitted pulse to about 4% nanoseconds (ns). 
Large (14.6m by 7.3m) ground planes were used. 

The availability of sampling oscilloscopes has 
revolutionised time domain measurements, and all recently 
published time-domain measurements have been made using 
sampling oscilloscopes as receivers. Currently available 
are 50 picosecond (ps) risetime (14 GHz bandwidth at -% dB) 
oscilloscopes with sensitivities of several millivolts’. 
Pulses as short as a few tenths of a nanosecond can be 


generated with modern semiconductor devices (as shown later 


THowever such instruments when used at maximum sensitivity 
and speed give jittery displays. 


te 


in chapter 4). Distance resolution is reduced to a few 
centimetres allowing the reflections and radiation from 
individual parts of an antenna to be isolated (Bates, 1966). 
“Consequently, smaller ground planes may be used. The 
driving point measurements reported in this thesis were 
performed on a 1.83m by 2.44m ground plane. 

Time domain antenna measurements can be made more 
quickly and with less labour than conventional frequency 
domain measurements. The frequency response of an antenna 
system, which is often easier to interpret than the pulse 
response (because the human mind is conditioned to under- 
standing a frequency response), is readily calculated from 
_ the pulse response. The potential simplicity and efficiency 
of calculating -the steady state scattering matrix elements 
for a scattering body from measurements made in the time 
domain was recognised by De Lorenzo (1967), but he gives no 
indication of the likely errors or limitations of the method. 
Nicolson (1968) discusses the feasibility of the TFT 
technique, and demonstrates its capability by inferring the 
frequency response of broadband TEM mode microwave 
components from measurements of their response to a weitere 
step function. He also discusses the sources of error. A 
statistical assessment of many of the sources of error is 
given by Smith (1969). Some of his results are included in 
Nicolson's paper. Farber and Ho (1969) have presented a 
Similar, but apparently independent paper to Nicolson's, but 
their error discussion is not as thorough. 

Section 2.4 describes how to obtain the frequency 


response of antenonas and antenna systems using the TFT 
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technique and section 2.3.2 describes how a hybrid computer 
has been used on-line to present simultaneous displays of 
the pulse response and the frequency response’. The treat- 
ment of errors given in section 2.4.3 mainly follows that of 
Nicolson's, but an important addition is made. The data 
window, which is a commonly used technique for reducing the 
ripples on a computed spectrum caused by sudden signal 
truncation, has been found essential when making antenna 
measurements and has not appeared in the literature pertain- 
ing to the TFT technique. Also included is a discussion of 
the error due to imperfections in feeder cables. The 
frequency resolution of the computed frequency response is 

- discussed in section 2.3.4, and the utility of the TFT 
technique is demonstrated in section 2.3.5 where the reflect- 
ion coefficient of an antenna obtained by the TFT technique 
is compared to a conventional continuous wave (c.w.) 
measurement. 

Noise generated by the sampling oscilloscope electronics 
limits the accuracy with which low amplitude or fast risetime 
signals can be weasured (see section 2.4.3). Elliot (1970) 
has devised a system which uses two sampling oscilloscopes in 
cascade, toeeiies with an auxiliary triggering circuit (which 
can be the triggering circuit in a conventional oscillo- 
scope), to remove timing drift. The jitter (see section 
2.3.3.2.2) is then removed by a low pass filter and an 
accurate low-speed vepiiea oF the high speed input signal is 


obtained. However, the system interprets amplitude drift as 


any small general purpose computer with analogue-to-digital 
and digital-to-analogue converters could have been used. A 
hybrid computer was used because one was available. 
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timing drift so that the system is only useful for measuring 
high amplitude signals where amplitude drift is insignific- 
ant. Nicolson (1969) has developed a method (called 34-point 
ecercers: for accurately measuring high speed, low amplitude 
Signals. He uses a small computer and a sampling oscillo- 
scope in a control loop. The implementation of this 
samerane method using a hybrid computer is déscribed in 
section 2.3.6. Signals which are below the noise level when 
viewing the oscilloscope screen directly can be measured 
using this method: this is done later in chapter 11. 

The far field tranerer functions for an antenna on 
transmission and reception are introduced in section 2.4. 

he frequency response of individual parts of an antenna 
can be inferred from parts of the pulse response. This is 
Siisepaved Tater in chapters 5 and 9. Section 2.5 describes 
how the TFT technique can be used to infer a transmission 
coefficient and a reflection coefficient to describe the 
propagation and reflection of current on a bent wire antenna 
from a measurement of only part of the driving point response. 
An experimental investigation of the propagation of current 


on bent wire antennas is reported later in chapter 11. 


2.e2 THE PULSE RESPONSES OF AN ANTENNA SYSTEM 

Fig. 2.1 shows two antennas, one transmitting and the 
other receiving. The distance r is sufficient for the 
antenna to be in their eospectins far fields. A pulse ~ 
generator, represented by its Thevenin equivalent circuit, 
produces a pulse u(t) (called a test pulse) which is short 
compared to the time it takes to travel, at the speed of 


light, the length lL, of transmission line to antenna 1. 


se 


Antenna 2 is sonneetsa by a length L, of transmission line 
6 ta eaa impedance Z,. For simplicity, the transmission 
lines are assumed to be lossless and Woasdiencreiye: The 
‘origins of time for the test pulse, and the reflected and 
transmitted signals, are arranged so that the transmission 
delays introduced by the lengths Ly and Lo of transmission 
line, and the separation distance r of the two nt canna) are 
removed. The excitation applied to antenna 1 is then u(t). 
The driving point pulse response of antenna 1 is the signal 
reflected back towards the generator, v(t). The trans- 
mission pulse response of the antenna system is the signal 
V(t) arriving ae Ene load of antenna 2. Both these 
responses are easily measured using a sampling oscilloscope 
(see chapter 3). By representing the two antennas and their 
environment as a two-port network whose boundary passes 
through the antenna terminals, and describing this network by 
its scattering matrix, the system equations can be written 


(with an asterisk denoting convolution) 


on : oe sore " | iin 
v(t) Bo4(t) — Sp9(t) 0 

s,,(%) is the impulse response of antenna 1 and Boo(t) is 
the impulse response of antenna 2. 854(t) is the trans- 
mission impulse response of the antenna system, and from the 


symmetry of the scattering matrix (Montgomery et al. 1948, 
p.148) 


asst) = B45(t): (2-2) 


If identical antennas are used then 


Shy Seah): | (2-3) 
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An important advantage of making VHF and microwave 

- Measurements in the time domain is that the equipment may be 
designed so that unwanted reflections from the environment, 
“ena from mismatch in the feeder cables (e.g. Tee junctions 

or joins between cables of differing characteristic 
impedance) arrive separated in time from the response being 
measured. This is achieved by choosing sufficiently long 
feeder cables and by placing the antenna range sufficiently 
far from reflecting objects to introduce adequate time delays 
into the reflected signal paths. Thus it is possible to 
arrange that mismatches at cable junctions have negligible 
effect on the measurements without using large attentuators, 
_ which is a distinct advantage over conventional c.w. measure- 
ment methods. The effect of the loss in ona necessarily long 
connecting cables can be removed from the measurement by 
recording u(t) in a special way which is described in chapter 
3. 

The time which is available for measuring the pulse 
response (either v(t) or vo(t)) before the arrival of 
unwanted reflections is termed the viewing window. It is 
sonventent to define the measurement interval as the time 
interval within which the pulse response is to be measured. 
The measurement interval cannot be longer than the viewing 
window. No physical radiating system can have a strictly 
time limited impulse response. Consequently by limiting the 
measurement interval, truncation errors are introduced when 
the frequency response is computed: these are discussed later 
in section 2.3.3.1.e. The measurable duration of a pulse 
response is defined as the time for which it is above the 


mean noise level of the measuring equipment. Thus to measure 
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as much of the pulse response as possible the measurement 
interval should be equal to the measurable duration. If 
u(t) is short compared to the time it takes a current pulse 
ae propagate along the antenna at the speed of light, then 
it is often possible to isolate reflections and radiation 
from individual parts of an antenna’. The viewing window 
then need only be long enough so that the desired part of 
the pulse response is received. Section 2.5 describes 
driving point measurements of bends in wire antennas in 
which the measurement interval includes only a part of v(t). 

Excluding all unwanted signals by using a viewing 
window means that the antenna system is in a simulated 
_ infinite and empty environment. Thus time domain antenna 
ranges can be accommodated in relatively confined spaces. 
Some of the measurements reported in this thesis could not 
have been performed simply in the frequency domain because 
there was no anechoic chamber nor suitable outdoor antenna . 
range available.. 

It is impractical to make time domain measurements 
directly on high frequency (HF) antennas because very long 
delay lines would be required to give a viewing window of 
sufficient duration to enable the pulse response to be 
isolated. For example, on the basis of the measurements 
reported in Part II of this thesis, eee: cable delay 
lines about 300 metres long would be required to be able to 
measure v,(t) for an anew designed to -operate at 20 MHz. 
The advantage of making measurements in the time domain can 


be retained by making measurements on scale models. This is 
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such a pulse is termed a narrow pulse. 
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further discussed in chapter Vs 


2.3 THE TFT TECHNIQUE 


A graphical record of a short pulse measurement of an 
antenna represents a great deal of information stored in a 
small space. For this reason it is often difficult to 
interpret. It is desirable to transform the pulse response 
into a frequency response. This is especially true of 
responses from individual parts of an antenna. 

The time history of an antennas responses v(t) and 
vo(t) to a test pulse u(t) contain all the information 
required for calculating the antennas voltage reflection 
coefficient at the input of the antenna, p(f), and the 
antenna system transfer function, H(f), within the effective 
bandwidth of the test pulse. H(f) is the transfer function 
between transmitter and receiver, assuming that the propagat- 
ion path is distortionless, and after removing the effect of 
antenna separation on phase and magnitude. Expressing eqn 


(2-1) in the frequency domain gives: 


Hoe : ieee oe le on 
Vi(f) [S54 (f) Soo(f), On. 


Each variable in eqn(2-4) is the Fourier transform (FT) of 
the corresponding variable in eqn(2-1). Upper case letters 
are used for frequency responses (spectra) and lower case 


letters for signals, i.e. 


G(f) = [ e(rye Fmt ae, (2254) 
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g(t) = [ a¢red@mPtae. | (255) 


=~00 a 


The voltage reflection coefficient at the input of antenna 4 


‘is given by 
8,,(£) = V,(£)/U(f), | (2-6) 
and the antenna system transfer function by 


The effective bandwidth of u(t) is defined to be that band 

of frequencies, of width W centred on F, within which 

[UCf)| is well above the mean noise level. The limits of W 
were chosen to be the points where lUCf) | was -2O dB of its 

peak value. This limit was chosen because when Uf) | was 

smaller than this the computations of the frequency response 


were observed to deteriorate. Consequently 


Ul 


e(f) = S,,(f), F-(W/2) < |f| < F+(W/2); _ (2-8) 


H(f) 


Ul 


r8,,(f), F-(w/2) < |f| < F+(w/2), (2-9a) 


where the distance r metres*is included to remove the effect 
of antenna separation on the magnitude of H(f) (the effect of 
antenna separation on phase is removed by the appropriate 
choice of time origin for v(t)). Knowledge of both p(f) and 
H(f) is required for a proper understanding of the operation 
of an antenna system. 
The reflection coefficient of an antenna describes how 

well the antenna is matched to a-transmission line of a cer- 


tain characteristic impedance Zo° The input impedance Z2(f), 
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being a property of the antenna alone, is often more useful 
and may be simply calculated from the inferred reflection 


coefficient: 


Z(f) = Z, | ets | (2-9b) 


For accurate calculation of the frequency response, 
U(f)j which occurs in the denominator of eqns (2-6) and 
(B29). must not contain any Zeros or very small values of 
modulus, or any rapid phase changes. A baseband pulse was 
chosen as a test signal pabense of its well behaved spectrum 
(see chapter 4). The centre frequency F in eqns (2-8) and 
(2-9a) is then zero frequency. 

The pulse responses were sampled (as described in the 
following two sections), and the frequency responses were 
calculated by a digital Sonar. When an IBM 360/44 
computer was used, the FI's were computed by the fast Fourier 
transform (FFT) algorithm (Cooley and Tukey, 1965), which 
approximates eqn(2-5a) by the discrete finite series: 


Gon (f) = ae g(nT) e 


f=e, k= 0,41,...,45. 


. (2-10) 


=jnentl 
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N is the number of samples taken, T is the sampling interval, 
and fy = 1/2T is the Nyquist frequency. Descriptions of the 
FFT, and how to use it, are given by IEEE (1967), IEEE (1969) 
and Bergland (1969). The FFT algorithm greatly reduces com- 
computation time in comparison with straightforward numerical 
integration methods. However, the actual program which was 
available (the IBM scientific subroutine HARM) occupied 


Significantly more storage than a simple numerical integration 


21 


program’. When an EAI-590 hybrid computer was used to 
compute the FT's (which is described later in aeeisk 2.3.2), 
a trapezoidal rule integration method was used because the 
FFT could not be fitted into the memory of the digital 
computer. Consequently a typical computation time for the 
measurements reported in this thesis was two minutes. The 
same results are obtained whichever method is used because 
the FFT is merely a speedy algorithm for trapezoidal -rule 
integration (Cooley et al. 1967). Also, the Ceeponovdel: 
rule is quite accurate when T is small because of the 


oscillating kernel in eqn(2-5a). 


2.4.1 Measuring Data from_a Sampling Oscilloscope 


Modern sampling oscilloscopes are ideal instruments to 
connect to automatic measuring equipment, because they can 
be scanned at a real time rate which is convenient fo1 the 
scanning equipment. Analogue recordings can be made with an 
X-Y pen recorder by scanning the time axis of the recorder 
and the time base of the sampling oscilloscope simultaneously. 
These analogue records may then be sampled manually for sub-—- 
sequent computer processing. This method was used during a 
preliminary evaluation of the TFT technique. However, when 
many samples are required from a large number of recordings 
the method is very tedious and consequently is error 


sensitive. 


q ; ; : 

FFT programs which replace the input data by its transform 
in the same vector require an involved procedure to sort the 
answers into the right positions in the vector. Consequently 
they are longer than the non-sorting programs which have the 
disadvantage of requiring two data vectors (see IEEE (1969)). 
A very concise sorting FFT programmed in USASI BASIC FORTRAN 
is now available from IBM Program Information Department, 
4#:360D-13.4.002. The listing is published by Mertz (1971). 
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In eqn(2-10) the frequency response is calculated at 
frequencies spaced by 1/NT. Thus accurate timing of the 
sampling interval T is required to avoid errors in the 
frequency scale calibration. 

Accurate samples of the pulse response are easily 
obtained by connecting the sampling oscilloscope to automat-— 
ic data measuring equipment. Time synchronising is simple 
if the Measuring equipment generates a staircase scanning 
voltage for the sampling oscilloscope time base. Accurate 
timing of the samples is obtained in this way provided the 
sampling oscilloscope horizontal time scale deflection 
factor (volts per cm of deflection) is known accurately. 

- How to calibrate the sampling oscilloscope is described 


later in section 3.5. 


2.3.2 Using a Hybrid Computer On-Line 

A hybrid computer, which is a digital computer and an 
analogue computer interfaced with a data conversion and | 
control unit, is ideal for automatically measuring and 
processing data from a time domain antenna range. ‘All the 
measurements reported in this thesis were performed by an 
EAI-590 hybrid computing system. Some of the measurements 
were processed on-line by the same computer”. The frequency 
responses were displayed on a high-resolution storage CRI 
which has been specially interfaced to the digital computer, 


and the pulse responses were displayed on the sampling 


oscilloscope screen. Thus simultaneous displays of frequency 


The rest of the measurements were processed by an IBM 460/44 
digital computer. This was because the output covld be 
drawn by an IBM 1627 automatic graph plotter whereas the 
hybrid computer output had to be photographed from the CRT 
screen. 
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and pulse response were obtained. The two displays are com- 
plementary: the location of antenna discontinuities are 
given by the time display and their effect on the antenna 
‘performance is given by the frequency display. 

Connecting a sampling oscilloscope to a small computer 
is reported by Nicolson (1968), who discusses the feasibility 
of making wideband measurements on microwave transmission 
line components using the TFT technique. He includes 
experimental results to demonstrate its capability. A hybrid 
computer is extremely versatile, and sophisticated super- 
visory routines could be included in the digital computer 
program which calculates the frequency response. The logic 
interface allowed a control box, which was remotely located 
at the antenna range, to be interfaced to the digital com- 
puter program. The digital computer wan then programmed to 
have overall control of the measurement system, which could 
be operated eitner from the digital computer console or from 
the duplicated controls at the antenna range, Fig. 2.2 ia 4 
simplified block diagram of the TFT measurement system. 
Several digital computer programs were written and their 
basic organisation is given:in Appendix 1. 

The use of a general purpose computer as a control 
element for the measurement system has a number of advantages 
over a hardware controller. There is the flexibility that 
the stored program allows. Modification of the control 
functions and correction of errors are done by changing the 
program, not the wiring. Often this involves just changing 
a few instructions in memory, and can be done at the computer 
console in a matter of minutes. Magnetic discs or tapes can 


be used to store programs for different measurement 


o4 


functions®. 

The advantages of a hybrid computer controlled TFT 
measuring system for VHF and microwave antennas are: 

1) wideband information is obtained from a single 

measurement; 

2) cable and generator mianeeen do not affect the 
measurement; 

4) the effects of cable loss and dispersion are easily 
removed from the measurement; 

4) a simulated infinite and empty environment allows 

measurements to be made in relatively wonfindd spaces; 

5) simultaneous displays of frequency response and time 
domain pulse response aid the understanding of an 
antenna system operation; 

6) speed aud ease of measurement enables many antenna 
configurations to be evaluated reasonably quickly; 

9) flexibility of "software" control allows the system 
to be reorganised quickly (a matter of minutes) for 
different measurement functions; 

8) the computer can be used for other engineering cal~ 
culations when it iS not being used for antenna 
measurements. 

However, the arbitrarily fine resolution of the frequency 
domain measurement methods cannot be attained, although their 
high accuracy can be approached for measurements on wideband 
antennas by using a special sampling technique (Nicolson, 
rpm have recognised the potential of automatic measurement 

and processing using a computer and @ sampling oscilloscope, 


and have developed hardware and software for such a measur- 
ing system (Stuckert, 1969). 
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1969). This is described later in section 2.3.6. 


2.3.3 Errors in the Calculated Spectra 
2.3.3.1 Errors inherent in calculating the spectrum of a 
signal from its time sampled values 
2.3.3.1.1 Aliasing 
It can be shown (Cooley et al., 1967) that eqn(2-10) is 


equivalent to 


Goy(f) = 2 G(f+2éfy), f=yg, kK = 0,41,...,45. (2-11) 


h=-00 

When N = », eqn(2-11) describes a periodic function Go(f) 
which is the superposition of the non-periodic function G(f) 
shifted by all multiples of the fundamental period efx: 
; Go(f) is said to be an aliased version of G(f). For values 
of f within Gus anne -fy <f < fy, Go(f) equals the required 
spectrum G(f) plus unwanted ccntributions from the aliases 
of G(f) at G(f42éfy), & = 1,2,..., since no practical signal 
is perfectly bandlimited. . 

The aliasing error is reduced by making fy large, which 
is equivalent to making T small. This shifts the aliases 
further apart and reduces the unwanted contributions from 
them in the range -fy <f< fy: Decreasing T while keeping 
the measurement interval NT constant increases N, which 
requires more computer storage and more computation, and thus 
a compromise is necessary. The aliasing error may be further 
reduced by deliberately bandlimiting the signal. The spectra 
of the test pulses used to make the measurements reported in 
this thesis have maximums at f = 0, and their amplitudes 
decrease as the frequency increases. The signals were 


further bandlimited by the limited frequency response of the 
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sampling oscilloscope. T was chosen to make fw five times 
the bandwidth of the sampling oscilloscope. The amplitudes 
.of the computed spectra of the test pulses at fy were then 
all less than 1% of their amplitudes at f = 0. Thus the 
aliasing error in the measurement bandwidth (0 < f < f£y/> if 
the full bandwidth of the sampling oscilloscope is used) is 
considerably less than 1%. 
2.3.3.1.2 Truncation 

If all of v(t) were received, it would be impossible to 
avoid accepting appreciable reflections from the environment’. 
So, v(t) must be gated which means that, having chosen some 
gating interval of duration NT beginning at t = 0, the 
“ peceiver accepts only (v(t) gate(t/NT)); where gate(t/NT) is 
zero except for 0 €< t ¢ NT where it is unity. The gating 
function gate(t/NT) is termed a rectangular data window. A 
suitable value of NT was chosen for each measurement which 
depended on the measurable duration of v(t), with a maximum 
set by the arrival time of reflections from the environment. 
The loss of some of v(t) causes an error in the whole 
frequency response which is difficult to evaluate because it 
aeocnas upon the portion of v(t) which has not been measured. 
Also, the FT of the received signal is the convolution of 
V(f) with the FT of gate(t/NT), whose shape . is. 
sin(nfNT)/nf. If the duration of v(t) is appreciably longer 
chen the measurement interval, then the computed spectrum 


will exhibit ripples having a width of close to 1/NT. This 
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“Prom now on v(t) is used to mean either the driving point 
pulse reponse v(t) or the far field pulse response V(t) 
If v, (t) or v(t) is meant in particular it will be 
obvidus from "the context. 
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effect has been called leakage (Bergland, 1969), and the 
response presented in Fig. 9.3(c) clearly exhibits such 
ripples showing that although the chosen value of NI permitted 
most of v(t) to be received, nevertheless the effects of 
“truncation were sensible. However, the effects of truncation 
were never sufficient to mask the trends of the frequency 
responses of the measured antennas. It is also worth noting 
that it was not possible to identify the reciprocals of the 
widths of the ripples in the computed frequency responses 
with any major physical dimension of the antennas under test. 
Leakage can be reduced by sampling v(t) with a data 
window which has lower sidelobes in the frequency domain 
than has gate(t/NT). The data window which was used on the 
driving point and far field pulse responses in parts II and 
III of this thesis is the extended cosine bell window 


described by Bergland (1969): 


Gio) er mea \t| < wNT, 
a(t) = vk + cos SCtwNT) |) wr < [| < NR, 
a(t) = 


0, je] > NT. (2-12a) 


where (1-w) is the fraction of the data to which the cosine 
half-bell is applied. Because v(t) is causal, eqn(2-12a) is 
only applied for t > O, but is implied to exist in the 
interval -NT ¢ t ¢ 0 even though no measurement is made in 
this interval. Errors due to the sharp edge of the truncat- 
ion at t = O have been found to be negligible. 


The FT of eqn(2-12a) with w = O is 


28 


Do(f) = ads + #D,(f + ayn) + D,(f - a0) (2-12b) 


where D(f) is the FT of eqn(2-12a) with w = 1 (i.e. d(t) is 
rectangular): (Blackman and Tukey 1958, p98). Thus eqn 
(2-12a) with w = O can also be applied by convolving the 
values of the computed spectra at intervals of 1/2NT with the 
weights ~, 4 and d. If gate (t/NT) cuts off any of v(t), | 
then a data window such as eqn(2-12a) cuts off more of it, 
and gives worse results. However, the data window eliminates 
the sharp edge of the truncation and reduces the ripple. Thus 
a compromise is necessary, and a suitable value for w is 
chosen for each measurement. Also, if the measurement 
interval is made much longer than the measurable duration so 
that even less of v(t) is cut off, then the computations of 
the frequency response will deteriorate because of the 
inclusion of extra noise. 

An effect which is associated with leakage is called the 
picket fence effect (Bergland, 1969). Straightforward use of 
the FFT computes the frequency response only at discrete | 
frequencies which are multiples of 1/NT, and, because the 
record is truncated at NT, the required V(f) is not ideally 
sampled by a comb filter but by a set of spectral windows of 
shape sin(nfNT)/nfNT. The picket fence effect becomes evident 
when the signal being analysed has strong frequency conponents 
which do not correspond to multiples of 1/NT. Consider a 
signal which has a strong Souponent at fo: which is not a 
multiple of 1/NIT. This component is seen by all the adjacent 
spectral windows with weights corresponding to their level at 


fo; which is always less than the level at multiples of 1/NT. 
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Thus the component ae f, does not contribute properly to the 
computed spectrum. For example, the peak in the frequency 
response occurring at the resonant frequency of a narrow 
‘band antenna may not coincide with a multiple of 1/NT (an 
example of this is given later in section 2.555) | 

A data window such as eqn(2-12a) reduces the problem by 
increasing the width of the main lobe and reducing the level 
of the aide lobes of the spectral windows, but the problem is 
cured either by interpolating the computed complex Fourier 
coefficients or by using the easier, but equivalent, method 
of computing the frequency response at a finer spacing than 
1/NT. This is simple when using a straightforward numerical 
integration method, but the FFT resolution (not to be confus-— 
ed with measurement resolution, see section 2.3.4) can be 
increased by extending the time domain record with zeros. 
Most of the frequency responses presented in this thesis were 
computed at 10 MHz intervals. 

Finally, it is worth pointing out that the paper by 
Farber and Ho (1969) contains an incorrect discussion of 
aliasing and truncation errors. Their comments on truncation 
errors actually refer to aliasing, and vice-versa. 
2.5.3.1.3 Timing Shift 

If the time origin of v(t) is delayed by +t with respect 
to the time origin of u(t), then the computed frequency 
response will be multiplied by exp(-j2nft), by the time 
shift theorem (Lathi 1965, section 6.15). This is a phase 
error which increases linearly with increasing frequency. 

The Seo nental procedures described in chapter 3 are 


designed to eliminate this. 
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2.3.3.2 Noise-like errors 
2.3.3.2.1 Amplifier noise 

The disadvantage of using a single pulse for making 
‘Wieaeumensnva over a wide bandwidth is that the spectral 
intensity of the test pulse is low. The receiver gain must 
therefore be high and the noise thus introduced limits the 
measurement accuracy. 

A sampling oscilloscope reconstructs a low speed real 
time replica of a high speed signal from successive samples 
taken from each repetition of the high speed signal. There 
are therefore two time sects: the equivalent time scale of 
the high speed input and the real time scale of the output. 
_ The ratio between them is determined by the rate at which 
the time base is scanned. The sampling oscilloscope 
amplifier and sampling gate contribute noise to the real 
time output and the effect that this has upon the computed 
equivalent frequency spectrum depends upon the real frequency 
spectrum of the noise and upon the ratio of the equivalent 
time and real time scales. | 

The sampling oscilloscope amplifier noise does not have 
a flat spectrum, and has high content at low frequencies 
(< 1 Hz) due to slow random fluctuations in the zero level. 
The measurements shown in Fig. 2.4 were made at night from a 
Tektronix 151 sampling unit which was measuring a steady 
voltage at stationary equivalent time. There is an apparent- 
ly random drift with a Maximum excursion of +2 mv referred 
to the input over the 7.5 minute period. Smaller fluctuat- 
ions of about 1 mv were observed ‘in times as short as one 


second. Rapid fluctuations, which are made up of amplitude 
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jitter and additive noise, are shown expanded in the lower 
trace in Fig. 2.3. The noise and drift were of a constant 
level referred to the input regardless of the amplifier 
weneneat scale. Steps of up to 1.5 mv referred to the input 
and- with real risetimes of about 100 ms were also observed 
during the day, but these were found to be caused by sudden 
supply voltage variations and were eliminated by making 
measurements at night. 

Assume that the sampled signal can be expressed in the 


form 
e,(nt) = (1+v,) e(aT) (2-12¢) 


. where y, is the amplitude jitter, But) is the measured 
signal and g(nT) is the true gignal. By assuming that v, is 
a zero-mean normal random variable which is independent of the 
amplitude jitter in any other time sample, Smith (1969) has 
derived an expression for the bound on the spectrum error aN 


caused by amplitude jitter: 


ui _ 
ey = Op Fah py (Oo IP ert [=F] | (2-132) 


where ae is the expected value of ie (i.e. the variance of 
the amplitude jitter), SA is an upper bound on the probab- 
ility (a confidence level) that the error in the spectrum 
will exceed Ey (i.e. the fraction of the errors likely to 
exceed €,), and G(w) is the spectrum, w= 2nf. Eqn(2-13a) 


can be simplified to give 


~4 wha cit 
E, < V2 of Gia, ert cgay (2--14b) 
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where G,., is the maximum of |G(w)| for |w| < 2nfy. 


x 
Although simpler than eqn(2-13a), eqn(2-13b) gives a higher 
bound than the more realistic eqn(2-13a). Both equations 
depend upon the true spectrum G(w) but good estimates can be 
made using the computed spectrum. A source of the jitter 
errors described by egn(2-12c) is fluctuations in the 
sampling oscilloscope amplifier gain. 

A bound on the ee ey due to the presence of zero- 
mean additive noise which is uncorrelated from sample to 


sample (i.e. white noise) has also been determined by Smith 


(1969) : 
Ey = TJ2Noy> ert" [y1-ey I, (2-14) 


where oe is the variance of Che waibe noise in the sampled 
values, and Ey is the confidence level of Ey 

The effect of amplitude drift in the computed spectrum 
may be minimised by rapidly scanning the time base of the 
sampling oscilloscope, thereby decreasing the ratio of 
equivalent time to real time, and causing the high-level 
low-frequency content in the real frequency spectrum to 
occupy only a small seen Cieae zero frequency) of the re- 
quired equivalent frequency spectrum. 

Aliasing errors (section 2.3.3.1.1) have to be consid- 
ered both in equivalent time and in real time, and a low 
pass filter should be connected between the output of the 

sampling oscilloscope and the recording equipment to limit 
the bandwidth of the signal in real time. Its risetime 
should be as long as possible without degrading the real 


time signal risetime. The smoothing control (sometimes 
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labelled resolution) provided on sampling oscilloscopes 
reduces the bandwidth of the amplifier and for measuring 
high amplitude signals where noise is less of a problem it 
“is usually sufficient. 
2.3.3.2.2 Timing jitter 

If the scanning voltage is held fixed corresponding to 
a stationary value of equivalent time then the measured 
voltage fluctuates as the sampling gate moves about its mean 
position. This is called timing jitter, and the error 
voltages generated depend upon the slope of the signal at 
that point. | 

The measurements shown in Fig. 2.4 were made at night 
_ from the output of a Tektronix 181 sampling unit which was 
measuring a 350 ps risetime stone at stationary equivalent 
time. They show the combined effect of amplitude noise and 
drift and timing jitter and drift. The drift period is seen 
to be much shorter than that in Fig. 2.3 which means that 
timing drift is more rapid than amplitude drift. Of the 
total drift excursion of +2.5 mv observed in the 7.5 minute 
period, probably +1 mv was due to timing drift. The jitter, 
shown expanded in the lower trace of Fig. 2.4, is of greater 
amplitude than that shown in Fig. 2.3, which shows the 
existence of timing jitter but no conclusions about its form 
can be drawn. | 

Assuming that the slope of the waveform is constant over 
the range of the timing jitter, and that the uncertainty in 
the time location of a sample can be described as a normal 
random variable which is statistically independent of the 


uncertainty at any other time, Smith (1969) has derived a 
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bound on the spectrum error Em due to timing jitter: 


= is meetin ais 27 '[V7 a (2-1 
Ep = On fF _n/P om “oss -15) 


where on® is the variance of the timing jitter and Em is an 
upper bound on the probability that the spectrum error will 
exceed en. The we weighting in egn(2-15) means that the 
errors are caused netny by the high frequencies, which are 
contained in the fast risetime portions of the sampled 


signal. Eqn(2-15) can be simplified to: 


en < V3 on G., orf [Yen (2-16) 


_ but the same reservations on its use apply as in eqn(2-14b). 

The methods used to ainigiee amplitude noise and drift 
also apply to timing jitter and drift. 
2.3.3.2.3 Quantisation 

When the time samples ane Conwerbed to digital form the 
range of amplitude values is divided into a finite set of 
equal increments, and all. of the amplitude values which fall 
within the same interval are assigned the same value. This 
causes an error, called quantisation error, which can be no 
larger than half the size of the intervals used. If the 
quantisation interval 6 is very much smaller than the signal 
being measured the errors on the samples can be assumed to be 
independent since we expect the signal to pass through many 
quantisation intervals between samples. It is also reason- 
able to assume that the quantisation error can have any valve 
within the interval with equal probability, again because 6 


is very much smaller than the signal being measured. Making 
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these assumptions Smith (1969) has derived a bound on the 


spectrum error Eg due to quantisation: 


ots i erf | [Y7-E] (2-17) 


anene EQ is the upper bound on the probability that the 
spectrum error will exceed EQ: Generally 6 is chosen to make 
the quantisation error very much smaller than the other 
sources of error. 

The accuracy of analogue-to-digital (A/D) converters is 
usually expressed as a number of bits, e.g. a 10 bit conver- 
ter has a or 1024 increments, and thus slightly better than 
0.1% accuracy. The digital voltmeter in the nybrid computer 
which was used as an A/D converter worked to 16 bit accuracy, 
. and the quantisation errors were considered to be negligible. 
The example given later in section 6.35.4 confirms this. 

Another source of quantisation error is the error in 
the scanning voltage caused by quantisation of the digitally 
generated scanning data. However, since the D/A converter 
also worked to 16 bit accuracy this source of error was also 
considered to be negligible. 
2.3.%3.2.4 Combined error from all noise-like sources 

| The errors from all noise-like sources add in an RMS 
fashion, provided they are stetistically independent (which 


is likely). Thus the combined error bound é, is given by 


Eq = fe, + & + Ep + EQ | (2-18) 
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2.3.3.5 Error due to imperfections in connecting trans~ 
mission lines | 

No coaxial connector is reflectionless, nor is the 
‘characteristic impedance of coaxial air-line or flexible 
cable exactly equal to its nominal impedance. Also, coaxial 
cable exhibits variations in its characteristic impedance 
along its length because of irregularities in the braid. 
Consequently small reflections occur from connections between 
different sections of air line and different sections of 
cable, and from braid irregularities in cables (typically 

e ~ 0.0125 for GR-874 air line, i.e. the reflected signal is 
-48 dB of the input signal, and 0 ~ 0.04% or -40.5 dB for 
GR-874-~A2 coaxial cable with GR-874 connectors). Long 
. coaxial air-lines require dielectric support beads spaced 
about 30 cm apart to preserve the conductors concentricity. 
Although these beads can be designed for minimum reflection 
(typically ep = 0.01: e.g. see Moreno 1948, p85), they are 
never reflectionless. Consequently the measured signal is> 
contaminated by a multitude of small reflections which are 
reflections of all the signals in the transmission lines 
from these imperfections, e.g. the received signal is 
v(t) + y(t), where y(t) are the reflections from the line. 
The computed spectrum is then V(f) + Y(f). 

It is necessary to choose transmission line of 
sufficiently high quality so that the reflections are below 
the noise level of the measuring equipment. Y(f) is then 
negligible in comparison with V(f). Plexible coaxial cable 
(type GR-874-A2) was found to be satisfactory for nost of 


the measurements reported in this thesis. However, when 
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precise measurements are made using 3—point scanning (an 
accurate measurement method described later in section 2.3.6) 
even the reflections from air-line junctions can be revealed. 
Often it is possible to devise some method of measuring the 
reflections so that they can be subtracted (in the computer) 
from the desired signals. An example of this procedure is 


given later in section 11.2. 


2.4.4 Measurement Resolution 

The frequency resolution of the measurement is defined 
as 1/NT (Bracewell 1965, p131) which is half the width of 
the main lobe of the spectrum of gate(t/NT). The extra 
information necessary to reveal fluctuations in the frequency 
response which occur within a frequency interval finer than 
1/NT cannot be measured because the meacuevie eunetion of 
v(t) is noise Pimieeas Conversely, if the signals being 
measured are reasonably noise free (as most of the driving 
point responses shown in Part II of this thesis are), and if 
the signals are measured until they have become so small that 
they are immersed in the noise, then no significant 
fluctuations in the frequency response occur in frequency 
intervals finer than 1/NT. 

In this thesis the frequency responses are computed at 
intervals finer than 1/NT. This is equivalent to interpolat- 
ing the values of the frequency response which correspond to 
multiples of 1/NT, and cannot reveal fluctuations in the 
frequency response in intervals finer than 1/NT. It does not 
correspond to an increase in the measurement resolution, 
Interpolation is necessary to eliminate the picket fence 


effect (section 2.4.3.1.2), and it provides a smooth curve 
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suitable for graphical presentation. 

Frequency resolution is reduced with a data window such 
as eqn(2-12a) is used (e.g. when w = O the resolution is 
ONT , because the width of the main lobe of the spectrum of 
a(t) is twice that of a rectangular window of duration 2NT; 
Blackman & Tukey 1958, p14). This must be considered when 


choosing a value for w. 


2.3.5 <A Practical Evaluation of the Error in an Inferred 
Reflection Coefficient | 

To be able to make realistic estimates of the error in 
the computed U(f) and V(f), measurements of the variance of 
the error voltage due to each cause must be made. Gee can 
be estimated with an RMS millivoltmeter when the oscilloscope 
is measuring zero voltage, and al can be determined easily. 
However, on” and on cannot be determined simply and the 
effects of amplitude drift and timing drift cannot be estim- 
ated because they are highly correlated from sample to 
sample. The effects of truncation also cannot be estimated. 

What is really wanted is the error in the computed 
frequency response. If the, errors in U(f) and V(f) are 
normally distributed and have the same variance, then it 
follows from eqns (2-6) and (2-8) that the probability 
density of the errors in the frequency response ortows a 
Cauchy distribution (Meyer 1965, p187). An estimate of the 
error could be made by evaluating the area under this 
distribution but it is doubtful if it would be realistic. 
Also, the variance of the error in both U(f) and V(f) is 
unlikely to be the same. Error analyses as involved as this 


are seldom carried out in practice, and some simpler method 
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is usually sought. The approach used here is to evaluate 
the combined effect of all the errors by comparing an 
inferred reflection coefficient with a direct c.w. measure- 
ment. 

Fig. 2.5 shows the modulus of the reflection coeffic- 
ient of a 40 cm long, 4 mm diameter monopole determined by . 
both a conventional slotted line measurement (Silver 1949, 
chapter 15) and the TFT technique (following the experimental 
procedure described later in chapter 4). The agreement is 
seen to be within 5% except when the reflection coefficient 
is close to unity. It is worth remembering however that the 
accuracy of slotted line measurements falls off as the 
- reflection coefficient increases because of line losses and 
detectior calibration errors. 

The inferred reflection coefficient was computed at 
10 MHz intervals from a measurement interval of 14.6 na, 
which means that the measurement resolution 1/NT is 69 MHz. 
Notice that the resonant frequency of the monopole is 245 MHz 
(see Fig. 2.5)5 which does not correspond to a maeaps of 
1/NT. Thus if the frequency response had only been computed 
at intervals of 1/NT then the shape of the resonance would 
have been lost. 

Fig. 2.6 shows the reflected pulse response of the 
monopole. For times greater than to = 14.6 ns the response 
is below the noise level, so that the meaaurable duration is 
O<t < to The effects of truncation have been investigated 
by comparing the reflection coefficient Poff), conputed 
using this measurement interval, with the reflection 


coefficients pf) computed using the measurement intervals 
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o<t< t, for m= 1,2,3. The times tas to and tz are shown 
on Fig. 2.6. Fig. 2.7 shows the percentage differences 
between e,6f) and Po (ft). What is actually plotted is 


D,(f) = 100Lp,(£) - Po(f)] /py(2) (2-19) 


The difference is seen to be less than 5% for m = 1 so it 
can be assumed that the error involved in taking 0 < t < to 
for the measurement interval is appreciapiy less than 5%. 
The ripples observed are due to leakage. Notice that the 
magnitudes of both D,(f) and D3(f) are greater than 20% near 
the monopole resonances. This shows that even though that 
portion of the time response between t. and tp is small 


. nevertheless it has an appreciable effect on the frequency 


response, affecting in particular the measurement resolution. 


2.3.6 3-Point Scanning Using a Hybrid Computer 


Very low frequency drift and jitter are the primary 
limitations on the accuracy of sampling low-level, high-speed 
signals. To overcome this Nicolson (1969) has devised a 
method of sampling he calls 4-point scanning which uses an 
on~line computer to continugusly monitor the amplitude and 
timing drift of the oscilloscope and correct the sampled | 
values. This permits slow scanning of the sampling oscillo- 
scope so that a very low frequency cutoff filter may be used 
to reduce the jitter and high frequency noise. Averaging 
several scans further reduces this noise, and the method 
considerably improves the signal-to-noise ratio of the 
sampled signal. 

Determining the value of each sample involves the 


measurement of a sequence of three values. With Fig. 2.8 as 
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an illustration, the time t identifies a point on the wave- 
form of zero slope, to identifies a point of known slope, | 
and tz is the time at which the value of the waveform is 
smeguines The value Vy is measured and its change from the 
Vy measured in the previous sequence is the amplitude drift 
which has occurred since the test scan sequence. V5 is then 
measured and corrected for amplitude drift. Using the 
corrected Vo from the previous scan sequence and the known 
reference slope, the time shift of the sampling gate which 
has occurred since the last scan sequence is calculated. 
This timing shift is Gecn epoiied as a correction to the 
scanning voltage representing tz» and Vz is measured, is 

. corrected for amplitude drift, and stored. The scan sequence 
is repeated with tz incrementing across the measurement 
interval. 

Amplitude and timing drift must be negligible dur/ng the 
scan sequence. This requires a fast scan. To allow heavy 
filtering of jitter and noise a slow scan is required (to 
allow the filter to settle. Thus a compromise is necessary, 
and suitable timing can be chosen by inspecting noise 
measurements such as those shown in Fig. 2.3 and 2.4. 

The known reference slope (which is assumed to be linear 
over the range of timing drift) can be arranged by delaying a 
portion of the measurement pulse and superimposing it on the 
waveform outside the viewing window. A second pulse 
generator, synchronised to the test pulse, cannot be used 
because timing errors caused by the fluctuations in relative 
timing of the two pulse generators will be introduced. Part 


of the waveform being measured can be used as a reference 
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slope. The reference slope can be measured quite accurately 
from the oscilloscope screen by arranging the oscilloscope 
scales so that the slope fills the whole screen. Alternat- 
“ively the computer can be programmed to measure the slope 
automatically. 

The 4—point scanning method is simple to implement on a 
hybrid computer, and a program organisation is given in 
Appendix 2. An experiment which demonstrates the effective- 


ness of 4—-point scanning is also reported. 


2.4 THE FAR FIELD TRANSFER FUNCTIONS OF AN ANTENNA 

The system transfer function H(f) describes the overall 
. performance of an antenna system but gives little insight 
into the Sediatine and receiving properties of. the individual 
antennas which comprise the system. It is convenient to 
introe€uce both the transmission transfer function is which 
is defined as the electric field intensity in the far field, 
after removing the effect of antenna separation on phase and 
magnitude, when the antenna is excited by unit voltage; and 
the reception transfer function R(f), which is defined as the 
received voltage when a linearly polarised plane wave, having 
unit electric field intensity, is incident upon the antenna. 
If E,(f) is the electric field intensity at a distance r from 
a transmitting antenna and if E,(f) is the electric field 


intensity incident upon a receiving antenna then 


e Jkr 
E,(f) = 2(£) U(t) Sa | (2-20) 
V(f) = R(f) Eo(£) (2-21) 


where k = 2nr/A is the radian wave number. Notice that T(f) 
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is dimensionless and R(f) has the dimensions of length. 


Notice also that from eqns (2-9a), (2-20) and (2-21) 
H(f) = @(f) R(f), (2-22) 


which also has the dimensions of length. 
The transmission and reception transfer functions are 


related by 
™(£) = au R(t), (2-23) 


where 7n is the characteristic impedance of free space (Mayo 
et al., 1961)8, T(f) and R(f) could be computed from signals 
radiated between two identical antennas from eqns (2-9a), 
. (2-22) and (2-23). But, consider a radiating system contain- 
ing two antennas, one for transmitting and one for receiving. 
One antenna is a standard with known transmission and recep- 
tion properties, and the other is the "antenna under t-st". 
From a measurement of the signal radiated between these two 
antennas, T(f), R(f) and H(f) can be straightforwardly 
derived for the antenna under test. The advantage of using 
a standard antenna is that only one test antenna need be 
made. The design and calibration of the far field 
measurement system which was used for the measurements 
reported in Part III of this thesis is detailed in section 
5.4. | 

The impulse responses of the antenna on transmission 
and reception are given by the inverse FT of T(f) and R(f) 


respectively. It follows from eqn(2-23) and from simple FT? 


Snne difference between T(f) and R(f) does not contravene 


reciprocity; see chapter 8. 


on 


theory (Lathi 1965, p143) that the neeestion impulse uecocane 
is proportional to an integration of the transmission i 
impulse response. Since an arbitrary driving function can 
be expressed as a continuous sum of impulse functions (Lathi 
1965, p395) it Poli ows: Bhatt the reception response to an 
arbitrary incident field is aoneee Oneal to the integration 
of the transmission response to the same arbitrary driving 
voltage. This seems a surprising result at first sight, 
because it implies that if an impulse function is radiated 
then the received signal is a step function, which is 
unbounded. However, no practical antennas can efficiently 
radiate a signal which has an average value. Inefficient 
reception of step functions, and hence transmission of 
impulses, can theoretically be achieved with an infinitesimal 
electric dipole with an infinite source impedance (Harrison, 


1964b). 


2.5 INFERRING TRANSMISSION AND REFLECTION COEFFICIENTS FOR 
BENDS IN WIRE ANTENNAS PROM A PART OF THE REFLECTED 
PULSE RESPONSE 
It is shown later in chapter 11 that the shape of the 

reflection of a narrow pulse from the tip of a wire antenna 

changes when the wire is bent, and that this is mainly due to 
radiation from the base of the antenna being received by the 

bent section and attentuation of the current as it propagates 
around the bend. Reflections from the bend are also observed. 

Tn this section it is shown how the TFT technique can be used 

to obtain a transmission coefficient BC(f) which describes the 


coupling and attenuation of the current as it propagates 


ee) 


along the wire and a current reflection coefficient [(f) 
which describes the reflection of current from the bend. 
The meaning of these functions is aiseunsed later in section 
44.3. 

Consider the simple network model of a bent wire 
antenna mounted above a ground plane shown in Fig. 2.9. The 
base region, the bend and the tip of the antenna are 
represented as lumped two port networks A, B and C which are 
described by their time domain scattering matrices s(t), 
Sp(t) and So(t) respectively. The networks are joined by 
lossless and noneaasoereive transmission lines which 
represent the straight sections of the wire’. The excitation 
. applied to the bent wire is a narrow test pulse u(t), and it 
is assumed that the straight sections are long enough for the 
primary reflections of the test pulse from the bend and from 
the tip to be separated in tire from all secondary reflect- 
ions. Also, it is assumed that the primary reflections are 
themselves not so dispersed that they overlap each other or 
the secondary reflections. | 

Let Vp(t) be the part of the pulse response which is the 
primary reflection from the bend and Voa(t) be the part of the 


pulse response which is the primary reflection from the tip. 


"Straight wires of constant cross section are dispersive and 
current propagating along the wire is attenuated due to 
radiation loss (unless the wire is infinitely thin). However 
thin wires are only dispersive near their driving points 
(see chapter 5) and energy loss due to radiation from thin 
wires occurs mainly as current is incident upon the driving 
point and the tip (see chapters 9 and 10). Thus lumping 
these effects into the networks A and C is a good approxim- 
ation for thin wires. It is shown later in chapter: 11 that 
B(f) depends upon the geometry of the whole wire and is not 
a property of the bend alone as suggested by the simple 
model presented here. For the purposes of this section the 
simple model is sufficient. 
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It is convenient if all parts have their time origins 
shifted to remove the delay of propagation along the wire. 
Vp_(t) and v(t) are related to the test pulse by (with an * 


denoting convolution) 


Vp(t) 


u(t) *s, (t) *s, (t) *s, (+t); (2-24) 
Ajo Bay Ao, *? 


va(t) = u(t) *s, (t) *s, (t) *s, (t) *s, (t) 
. Bap Pao C44 Boy 


% Ss Ct). (2-25) 
Any 5 


Let v(t) be the part of the pulse response which is the 
reflection from the tip when the wire is straight, i.e. the 
' network B is removed. The received part v,(%) is related to 


- the test pulse by © 
v(t) = u(t) *s (t) * 5s (t) xs Ch) (2-26) 
s Ayo C44 Any 


Using eqn(2-2), and taking the Fourier transforms of the 
scattering matrix coefficients in eqns (2-24), (2-25) and 


(2-26) we obtain 


2 Vg(f) 

Least) *VaCe) ; | (2-27) 
Vp 6) 

Bp, (2) = getEy So, (2: (2-28) 


The effective bandwidth of v(t) is defined to be that band 
of frequencies, of width W centred on F, within which 

IV4(f£) | is well above the mean noise level. It is seen later 
in chapter 11 that W depends upon the physical dimensions of 


the base region. Thus 


B(f) = 8p, {f)) F-(W/2) < |f| < Fe(W/2); (2-29) 


47 
and with the assumption that So (f) = 1 within the measure- 
Oe 44. 
ment bandwidth, . 


(f) = “Bay Mt) F-(W/2) < |f| < Fe(W/e2), (2-30) 


The minus sign denotes the change in direction of the 
reflected current. 

The reflection scattering coefficient of the tip 
Bat has been obtained by Ross (1969a) from a narrow 
pulse measurement. He finds that it is essentially real and 
equal to about 0.97 within the effective bandwidth of the 
test pulse he used. Neither the diameter of the wire nor 
details of the test pulse were given, but his experimental 
- results suggest that, the pulse duration was less than 500 ps, 
which means that its effective bandwidth extends to several 
GHz. Thus for computations of I(f) up to several GHz the 
assumption that Po = 1 only introduces about 3% error. 
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CHAPTER 3: MEASUREMENT SYSTEMS AND EXPERIMENTAL PROCEDURES 


3.1 INTRODUCTION 


This chapter outlines the design of the driving point 


and far field measuring systems which were used for all the 


measurements reported in this thesis. The design procedures 
essentially follow those of Ross et al. (1966a, 1966b). 

The calibration of the standard antenna for measuring 
the far field transfer functions, and the method of substan- 
tiating the far field measurements are described in detail. 

A hybrid computer was used on-line for measuring the signals. 


For some of the measurements it was also used to process the 


measured data. The experimental procedure is given .an 


sufficient detail to enable the experiments to be duplicated. 
The pulse generators which were used are described later in 
chapter 4. 

It is experimentally convenient for the antennas to be. 
mounted on a ground plane: the measurement apparatus is then 
shielded from the radiation space, as shown in Fig. 3.1. 


Ground planes should be made square or rectangular to reduce 


‘the effects of reflections from the edges (Kraus 1950, 


section 15-7). Rectangular ground planes were used for all 
the measurements reported in this thesis. All cables and 
components used in the experiments had a characteristic 


impedance of 50 ohms. 


3.2 THE DRIVING POINT MEASUREMENT RANGE 
The ground plane should be several wavelengths along a 


side at the lowest measurement frequency if errors caused by 
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its finite size are to be insignificant (Kraus 1950, section 
15-7). Limitations on funds and accommodation space set the 


size of the ground plane at 1.83 m by 2.44 m (6 ft by 8 ft). 


“It was constructed from two 10 S.W.G. aluminium alloy sheets 


which were securely fishplate jointed together with counter- 


“sunk head screws spaced 4 cm apart. The antennas were 


mounted on short sections of 50 ohm air-dielectric coaxial 
line which ended flush with the surface of the ground plane. 
These are shown in Fig. 3.2. Two of these mounting sections 
were spaced 0.61 m apart on the major axis of the ground 
plane. This meant that the ground plane could also be used 
for some radiation measurements |. 

Although the ground plane was limited in size, a care- 
ful examination of the reflected pulse response of a 1.5m 
long monopole showed that no observable gerigetions arrived 
with a time delay corresponding to the return time of propag- 
ation of the pulse to the edges of the plane (6 ns). Also, 
no observable setieotiens were caused by the join in the | 
plane. Since the noise level of the measuring equipment 


(including the multitude of ripples which are reflections 


‘from the cable connectors and from irregularities along the 


whole length of the flexible coaxial cables, see section 
2.3.3.3) was 44 dB less than the amplitude of the pulse 
which was reflected from the tip of the monopole when these 
observations were being made, it was concluded that the 
ground plane was large enough for making meaningful measure- . 
ments on antennas whose pulse responses were longer than the 
return time of propagation of the pulse to the edge of the 


IT¢4 was used for a radiation experiment reported later in 
section 9.4. 
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plane. The driving point pulse responses of many of the 


antennas measured lasted more than 20 ns. 


The measurement apparatus is shown in Fig. 3.3. The 


lengths of coaxial cable A and B are set by the required 


Viewing window W. The length © of cable connecting the 


sampling oscilloscope to the Tee does not affect the viewing 
window because of the perfect termination at the sampling 
oscilloscope input, but it should be kept short to minimise 
loss and dispersion of the signals. The lengths A and B are 
calculated by considering the arrival times of the first 
secondary reflections. The pulse upon arriving at the Tee is 


partially transmitted and partially reflected: the reflect- 


ion is itself reflected from the pulse generator and-arrives 


back at the Tee as a secondary reflection. Thus 


2A . 2B | 
woe voor . (3-1) 


where v is the velocity factor of the cable and c is the 
velocity of electromagnetic waves in free space. The 
reflected pulse response of the antenna arriving at the Tee 


is also partially reflected and travels the return path to 


‘the antenna before arriving back at the Tee as a secondary 


reflection. Thus 
2B , 
ce ae _ . (3-2) 


The required duration of the viewing window is set by the 
bandwidth of the antennas to be measured (narrow band 
antennas, which have frequency sensitive frequency responses, 
have longer driving point pulse responses than have wideband 
antennas). Assuming that a thin monopole is the most 


frequency sensitive antenna to be measured, experimental 
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observations indicate thay W (in ns) should equal the 

antenna length in centimetres~. A viewing window of 30 ns 
was sufficient for the planned experiments, and, assuming a 
“value for v of 0.67, eqns (3-1) and (3-2) give an A of 6.2 m 
and a B of 4.1 m. The ground plane was kept further than 
4&5 m from reflecting objects in the laboratory so that un- 
wanted reflections would not arrive within the viewing window. 

If the 4-point seannine method (section 2.3.6) is used 
to measure the Signals then a reference slope which is 
independent of the reflected signal can be arranged by using 
a 4-port cross connector instead of a Tee, and connecting an 
open ended length of GR-874-A2 coaxial cable to the other 
_. port. The length of this cable is chosen so that the 
reflection of the test pulse from the end arrives immediately 
before the end of the viewing window. It cannot be timed to 
arrive before the viewing window because secondary reflections 
in the shorter length of cable would arrive within the 
viewing window. A GR-874-TPDL power divider and a Tee may be 
used in the absence of a cross connector. 

The oscilloscope is triggered by the first arrival of 
the test pulse, and the time position control on a Tektronix 
151 sampling init has enough range to display the pulse 
response with the cable lengths calculated above. External 
triggering would be necessary if longer cables had been used. 


err only a part of the pulse response is of interest (e.g. 


see sections 2.5 and 3.3) then W can be made shorter. 
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522.1 Experimental Procedure for Measuring Reflection 


Coefficients 
4.2.1.1 iedauring the test pulse 
The lengths A, B and C of coaxial cable have significant 
loss and dispersion within the measurement bandwidth and it 
‘te necessary to remove these effects from the measurement>. 
Let the transmission loss and dispersion of the cable be 
represented by a(f) per unit length. When measuring the 
driving point response of the antenna, what is actually 


being received at the input of the sampiing oscilloscope is 
v(t) = FT Su,(£)p(f) AB oa'(t)} (3-3) 


_ where F7' denotes the inverse FT, and U,(£) is the spectrum 
of the pulse which is generated at the pulse generator. If 
the test pulse suffers the same loss before being recorded 
then the loss terms cancel when e(f) is calculated. The loss 
is arranged by short circuiting the antenna mount at the 
surface of the ground plane to make o(f) = -1 in eqn(4-3) 
and recording the reflected pulse as -u(t). The measurement 
interval is then identified (see Appendix 1) and the test 
pulse is measured. The device used to short circuit the 
antenna mount is shown in Fig. 3.2. 
3.2.1.2 Measuring the pulse response 

The short circuit is replaced by the antenna under test 
and the measurement interval for v(t) is identified (see 
Appendix 1). v(t) is then measured and p(f) is calculated 
and displayed. Allowance is made for the 180° phase shift 


2GR-874-A2 coaxial cable has a loss of 2.6 dB/30.5 m at 100 
MHz and 10.5 4B/30.5 m at 1 GHz. 
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introduced because of the way u(t) is measured. Timing 
shift errors (section 2.3.3.1.3) are eliminated if the time 
origins of u(t) and v(t) are the same. Thus the reference 
“voltage which identifies the time origin (see Appendix 1) 


must not be altered between measurements. 


3.3 APPARATUS FOR MEASURING THE CHARACTERISTICS OF BENDS IN 

WIRE ANTENNAS 

A Tektronix 182 Time Domain Reflectometer (TDR) and 
sampling unit was used for measuring the properties of bends 
in wire antennas. This instrument contains a 50 ps tunnel 
diode step generator whose output can easily be formed into 
avery fast pulse (see section 4.4.2). The pulse is about 
300 ps long when displayed on the 182 sampling oscilloscope 
en es a aati of 90 ps) and is ideal for making 
measurements on bends in wire antennas because the desired 
parts of the pulse response (see section 2.5) are easily 
separated even when moderately short antennas are used (the 
spatial length of a 300 ps pulse is 9 cm). | 

The measurement apparatus is shown in Fig. 4.4. The 25 
ohm short circuited stub fotms the step into a pulse. 
GR-874 50 ohm coaxial air: line is used for all connections 
to minimise transmission loss and dispersion on the signals. 
The length of the bent wire antennas was chosen to be about 
1 metre, since this was about 10 times the spatial length of 
the test pulse and allowed satisfactory separation of the 
desired parts of the pulse response. The viewing window 
needs only to be long enough so that the part of the pulse 


response which is the first reflection from the tip of the 
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antenna is received; 12 ns is sufficient. The output 
impedance of the tunnel diode step generator is 50 ohms so. 
that the reflection from the stub towards the generator is 
‘completely absorbed. However, a small but significant 
reflection was observed from the sampling head of the 
acd viigasose (which was a signal feedthrough channel). This 
was shifted outside the viewing window by calculating the 
line lengths A and B in exactly the same way as those for 
the driving point measurement range (section 4.2), giving 
1.82 m for A and 4.64 m for B. The 1 m long antennas were 
near resonance at the local TV frequency (=~ 66 MHz) and quite 
severe interference was experienced. This was minimised by 
. separating the short circuited stub and the sampling head by 
a wavelength at the TV centre frequency (a line stretcher 
was addusted for minimum interference). The length B was 
increased to about 4.5 m. Measurements were usually made 
after TV close-down to avoid interference, but minimising 
the interference in the way described here enabled the 
equipment to be set up during the day. 

The bend in the wire must be positioned so that multiple 
reflections of the pulse travelling on the wire do not over- 
lap the segments of the pulse response which are of interest. 


Fig. 3.5 shows the required positions of the bend. : 


5.3.1 Experimental Procedure for Measuring Bends 


The amplitude of the test pulse is low (120 mv) and the 
3-point scanning method (section 2.4.6) was used to measure 
the pulse responses. The leading edge of the pulse which is 


reflected from the base of the wire is essentially straight 
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near its midpoint, and this was used as a. known reference 
slope. The slope was measured from the oscilloscope screen 
-in the way described in section 2.3.6. 

The pulse response of the straight eins is displayed, 
the measurement interval is identified as the pulse response 
tuineaeed after the first reflection from the tip, and this 
part of the pulse response is measured. The straight wire 
is then replaced by the bent wire, which is made exactly the 
same length as the straight wire to eliminate timing shift 
errors, and the same part of its pulse response is measured. 
No equipment adjustments are made between measurements. The 
procedures used to compute the bend transfer functions are 


- described later in chapter 11. 


3.4 TR PAR FIELD MEASUREMENT RANGE 


The size of the ground plane required for making far 
field measurements is st by the characteristics of the test 
pulse. The antennas must be constructed large enough to 
SaGiabe-ebeeleut ly wi Ghia. the: Sftective Vanawidthcor Sue 
test pulse, and the separation r which is required between 
the transmitting and receiving antennas is then set by the 
Fraunhofer condition (Montgomery 1947, p900): 

(D,+D5)* i 

a wae . (3-4) 
where Dy and D5 are the maximum dimensions of the apertures 
of the two antennas and } is the wavelength of the highest 
significant frequency in the test pulse spectrum. When the 
antennas are mounted above a ground plane, dD, and D5 are 


the total heights of the antennas and their images. The 
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measured far field intensity will not be more than 2.5% 


lower than the true far field intensity if the criterion of 


eqn(3-4) is observed (Montgomery 1947, p902). The test 


pulse must then have sufficient amplitude so that measurable 


Signals are received, especially when one of the antennas is 


a small standard antenna with known T(f) and R(f). The test 
pulse which was used for making the far field measurements 
had an amplitude of 50 volts and an effective bandwidth of 
about 800 MHz. The distance r was set at 5.5m. Eqn(3-4) 
was then satisfied provided the sum of the heights of the 
antennas was less than 0.72 m, and the frequency was no 


greater than 800 MHz. This restricts the height to 0.36 m 


-when identical transmitting and receiving antennas are used, 


but antennas of this size can radiate efficiently down to 
about 200 MHz. Signal levels ranging between 5 and 30 nv 
were received when using the standard antenna described in 
section 3.4.1, and it is demonstrated in section 3.4.3 that 
this is sufficient to make meaningful measurements. The 
measured field is made up of the induction field and the 
radiation field. As the frequency decreases the induction 
field becomes a greater onopension of the measured field 
(Silver 1949, section 3.13). The lower frequency limit is 
set by the requirement that the magnitude of the induction 
field should be less than 10% of the magnitude of the 
radiation field: this is true when r = 5.5m if the frequency 
is greater than 100 MHz. 

The ground plane measured 10 m by 4 m, and wae made 
from wire mesh, with a 1.25 cm mesh, because it was inexpen- 


sive. Each sheet of the mesh was dip galvanised which 
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ensured uniform electrical properties, and the joins betewen 
the sheets (which were ~ 1 m wide) were carefully soldered 

to preserve this uniformity. The mesh was laid on tables 
and tensioned so that the deviations from a true plane were 
less than +5 cm ae about +A/8 at 800 MHz. This was the 
largest tension which could be applied easily. The antennas 
were mounted, using the sections shown in Fig. 3.2, at the 
centre of 60 cm square brass plates which were smoothly and 
securely clamped at their edges to the mesh. Careful exam- 
ination of the pulse response of a 1.5 m long monopole showed 
that no observable Porientions were caused by these joins. 
Also, no reflections were observed from the joins in the wire 
_mesh. The antenna mounting sections were made the same 
electrical length as a standard GR-874 fixed attenuator. The 
transmitted_pulse could then be measured with the same time 
origir as the received signals by connecting the feed cables 
together through two attentuators. 

The measurement apparatus is shown in Fig. 3.6. The 
viewing window is set by the arrival time of reflections from 
the environment and secondary reflections due to the length 
A of coaxial cable. The antenna range was about 6 m from the 
steelwork of the laboratory building, which earlier tests had 
shown to cause significant reflections. This set the 
maximum viewing window at about 40 ns. Secondary reflections 
caused by the test pulse travelling in the length A of 
‘coaxial cable radiate at t e 2eA/ve later than the primary 
Signal, and a length A of 4.1 m is required to give the 40 ns 
viewing window. The length actually used was 4.5 m, and 
although the length of cable connecting the sampling oscillo- 


scope to the receiving antenna does not affect the viewing 
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window, it was physically convenient to use another 4.5 m 
length. 

The sampling oscilloscope was triggered by a signal 
“from the pulse generator (see Fig. 4,7) which was delayed by 
8 m of general purpose coaxial cable (loss was unimportant). 
The test pulse u(t), shown in Fig. 3.7 together with its 
spectrum U(f), was measured after travelling the 9 m of 
coaxial line. The effective bandwidth is about 600 MHz. 
Consequently the far field responses presented later.in 


chapter 9 are only continued out to 600 MHz. 


3.4.1 Calibrating the Standard Antenna 

A short monopole (operating below its fundamental 
" resonance over the aisasureUSRe bandwidth) was chosen as a 
standard antenna because its input impedance can be computed 
easily (Jastk 1961, eqn 3-1). The standard monopole had a | 
length of 7.6 cm and a diameter of 0.32 cm. Fig. 3.8 shows 
the equivalent circuits used for calculating the transmission 
and reception tvanseer functions T4(f) and Ro(f) respective- 
ly, of the standard monopole. The source impedance is set 
at 50 ohms because this was the characteristic impedance of 
the coaxial lines feeding the antennas. The radiated electric 
field intensity measured at the surface of the ground plane 
a distance r metres from a short monopole is (Jasik 1961, 
section 2.1) | 

a wig tac(t).6 

E,(f) = oe ae . (3-5) 
where I,(f) and net) are defined in Fig. 3.8, n = 120n ohms 
is the characteristic impedance of free space, and the time 
dwt 


dependence e is understood. From the equivalent circuit 
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for transmission 


V_(f) . 


I,(f) = 50S UE | (3-6) 


‘and 


eu(f) (3-7) 


V,(f) 


since U(f) is measured when the antenna terminals are 
terminated in 50 ohms. Substituting eqns (3-6) and (3-7) 


into eqn(3-5), and using A = c/f 


j 240n f h(t) u(r) e SET 


E,(f) = [50 + 2) le 5 | (3-8) 


and, by comparison with eqn(2-20) 
j 240n f h(t) —_ 
Tf) = “eT50 + ZF) . | (3-9) 
When the monopole is receiving 


50 h.(f) BA(£) 


Vz, (f) = 50 I, (f) oe Ce ae (3-10) 
and, by comparison with eqn(2-21) 
50 h,(f) 
Ro(f) = 50 4 Zt)’ . (3-11) 


Z(f) was taken from Jasik (1961, eqn 3-1) and h (£) from 
Jordan (1950, p336). Z(f) was also verified at spot 
frequencies using a "width of minimum" slotted line measure- 
ment method (Montgomery 1947, section 8.8), and the corres- 
pondence between the computed and measured values of the 
resistance and reactance of the monopole are shown in Fig. 
4.9. <A deterioration of the slotted line measurements at 
the lower frequencies is noticed, and this is probably due 


to reflections from objects in the room and to the finite 
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size of the ground plane. The T.(f) and Ro (f) calculated 
from eqns (3-9) and (43-11) are shown in Fig. 3.10. 
Straightforward manipulation of eqns (2-20) and (2-21) 


gives 
M(f) = =e v(t , (3-12) 
R(f) = mtr) Ue (3-13) 


where the phase factor gous is removed because the time 
origin for v(t) is shifted to remove the propagation delay. 
Eqns (3-12) and (3-13) were incorporated in a modified 
version of the on-line hybrid computer program of Appendix 1 
which Was Saues of To(f and Rg (f) stored in the digital 


computer memory at frequency intervals of 10 MHz. 


4A.2 Experimental Procedure for Measuring Far Field 
Transfer Functions 

3.4.2.1 Measuring the test pulse 

The test pulse u(t) is recorded after travelling: the 9 m 
of coaxial cables to remove the effects of their ai spenei on 
and loss from the measurements. The cables are discomnected 
from the antenna mounts aun oanected together through two 
GR-874 20 dB fixed attenuators to reduce the pulse amplitude 
to a level acceptable to the input of the sampling oscillo- 
scope. The measurable duration of u(t) is identified (see 
Appendix 1) and u(t) is measured. 
3.4.2.2 Measuring the pulse response 

The cables are connected to the antenna mounts, the 
antennas under test are mounted, and the measurable duration 


of the received signal v(t) is identified (see Appendix 1). 


€ 


ae oe 
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To eliminate timing shift errors (section 2.3.3.1.3) the 
reference voltage which identifies the time origin of u(t) 


is not altered. The received Signal is measured and the 


transfer function is calculated and displayed. When one of 


the antennas is the standard monopole the program for comput- 
ing T(f) and R(f) (from eqns 3-12 and 3-13) is used. When 
two identical antennas are measured the program for computing 
H(f) (from eqn 2-9a) is used. Allowance is made for the 

40 aB loss introduced when measuring u(t). Allowance is 

also made for the propagation delay of the signals travelling 
the distance r= 5.5m between the two antennas. . 

It was found when making measurements that it was more 
convenient to use different time and amplitude scales when 
measuring u(t) and v(t). These equipment adjustments mean 
that the common time origin is lost. Tne beginning of both 
signals was always well defined and with care could be 
identified within about +100 ps for v(t), which was always 
displayed with a more compressed time scale than u(t) and was 
consequently more difficult to identify accurately. An 
error in the relative time origins of u(t) and v(t) causes 
an error in the phase characteristic which increases linearly 
with increasing frequency (section 2.3.3.1.3). The error at 
600 MHz caused by a 100 ps shift is about 23°. Since the 
primary purpose of the measurements was to make observations 
of flatness of modulus and linearity of phase (see chapter 8), 
the actual average slope of the phase/frequency characterist- 
ic is immaterial. So it was decided to accept the linear 


phase error. 
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It was experimentally convenient for the standard 
antenna always to receive. So, R(f) for the test antenna 


was calculated using reciprocity. 


4.4.3 Checking the Measurement Accuracy 


The experimental system was checked by making measure- 
ments on a monopole with a newent of 0.45 m and a diameter 
of 0.32 cn. The results are shown in Fig. 4.11. Observe 
the peaks at 150 MHz and 450 MHz. These correspond to the 
resonances which occur when the length of the monopole is one 
quarter-wavelength and three Aiawbene waveisneens: The 
.accuracy of the experimental procedure was estimated by com-— 
paring the amplitudes—of these two peaks with the theoretical 
‘values which are calculated in Appendix 4. Table 4.1 shows 
the comparison, which is within 5% except for |R(f)| at 450 
MHz. This suggests that the computation of To(f) is. 
inaccurate ( it has not been found possible to make any 


improvement however). 


Frequency 


HS ieaaare | feaoared 


4.4/100°| 1.41/90° | 0.16/10° | 0.168/0° 
4.15/-70° |1.165/-90° | 0.053/-150° |0.0464/180° 


Table 4.1: Comparison of measured and theoretical T(f) and 
R(f) for a 0.45 m long, 0.32 cm diameter 


monopole. 


There is an appreciable phase error at the second resonant 
frequency, 450 MHz. This is due to the (unimportant) linear 


phase error already discussed in section 4.4.2.2. Notice 
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- that the accuracy deteriorates as the frequency increases: 
this is due to the test pulse energy falling off as the 
frequency ineraaeees | 

Fig. 4.12 shows H(f) computed (using eqn 2-9a) from the 
Signal transmitted between two identical monopoles together 
with values of H(f) calculated using eqn(2-22) from the 
results shown in Fig. 4.11. These results also support the 
overall accuracy estimate of 5%. The computations of H(f) 
are seen to deteriorate above about 550 MHz Bedaaee the test 
pulse has little energy above 550 MHz (see Fig. 3.7). 

These test measurements demonstrate that T(f) and R(f) 
can be obtained over about a 6:1 bandwidth with this measur- 
-~ ing system. The accuracy might be improved by using a 
selaenties wes agiel on the standard monopole to increase 
h(f), thus increasing the received signal amplitude, but 
the measurement bandwidth is still limited by the very small 
values of To(f) and Rg(f) at low frequencies. 

Increased measurement bandwidth could be obtained by | 
using a matched monopole type (MTT) of antenna (Fenster ana 
Ross, 1968) as a standard. The reflection of the input sig- 
nal from the tip of the menos is suppressed by a "top-hat" 
having a resistance of 477 ohms/square, which makes the | 
monopole appear infinitely long over a very wide frequency 
range (2.5 decades is eietneay Z(f) in eqns (3-9) and 
(3-11) is then approximately equal to the input impedance of 
an infinite monopole, which is given in Fig. 5.4. Thus the 
frequency sensitivity of T(f) and Rg(f) is reduced allowing 
measurements to be made over a wider bandwidth. The lower 


43099 = 1207 ohms is the characteristic impedance of free 
space. 
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frequency limit is set by the size of the resistive "top- 
hat". Z(f) and h(f) could be determined by measurement, 
but the problem remains of manufacturing the "top-hat", which 
“is a sub-micron thickness metallic film deposited on a glass 
substrate (this is not within our technological capacity in 
New Zealand). The idea of providing the matched termination 
at the base (Ross, 1967a) by matching the surge impedance at 
the base with a tapered line transformer is of no use at 
these frequencies because the taper would have to be several 
wavelengths long at the lowest measurement frequency for an 
acceptable match (Moreno 1948, chapter 3). This is impract- 
ical at 100 MHz. Also, the match o only approximate, as 


— 
shown later in section 5.4.2. 


3.5 CALIBRATING THE SAMPLING OSCTLLOSCOPE 

The external horizontal deflection factor for the Tek- 
tronix 161 sampling unit is quoted by the manufacturer as. 
1 volt/em +4%. The calibration accuracy of the frequency 
scales depends upon accurate sample timing (see section 
2.3.1). Consequently it is necessary to accurately determine 
the deflection factor for the particular sampling unit being 
used. The scale factor is then included in the analogue 
computer patching (see Appendix 1). 

The deflection factor is determined by using the driving 
point measurement apparatus with a known delay line replacing 


the antenna and antenna mount. GR-874 50 ohm air line was 
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used as a standard’. The sampling oscilloscope is external- 
ly scanned with a manually ~ervahie voltage, and the voltage 
required to position the sampling gate to the peak of the 
pulse reflected from the open end of the cable is measured 
poth with and without the delay line connected. The deflect- 
ion factor (in volts/cm) is then calculated from a knowledge 
of the particular time scale being used and the return 
propagation time of the delay line. The peak of the pulse 
can be identified accurately by monitoring the vertical out- 
put of the oscilloscope with a voltmeter. | 

While the deflection factor is not necessarily the same 
for each time scale, the variations were found to be less 
- than 1% for the commonly used time scales on the particular 


sampling units used. Consequently a mean value was taken. 


The propagation delays for GR-874 50 ohm coaxial air line . 
are specified as: 


40 cm line, delay = 1.0036 ns + 0.0018 ns; 
20 cm line, delay = 0.6698 ns + 0.0018 ns; 
10 cm line, delay = 0.4362 ns + 0.0018 ns. 


The required delay is obtained by connecting the appropriate 
pieces in series. 


BY 
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CHAPTER 4: GENERATING HIGH SPEED SIGNALS 


4.17 INTRODUCTION 

When this project commenced the fastest pulse generator 
in the Electrical Engineering department, University of 
Canterbury, had a risetime of 10 ns. Baseband pulses with 
durations as short as 1-2 nanoseconds (ns) were necessary if 
the experimental apparatus was to be a realistic size | 
Consequently an experimental program for developing pulse 
generators was embarked upon. 

There are four commonly used methods of generating fast 
risetime signals: (1) mercury switches, (2) tunnel diodes, 

_ (43) step recovery diodes and (4) avalanche transistors. 

Table 4.1 summarises the characteristics of each method. 
Mercury switches (which are reed switches with mercury 
wetted contacts to eliminate the effects of contact bounce) 
were used by Schmitt (1960), King ana Schmitt (1962), Schmitt 
(1963) and Schmitt et al. (1966). However, the repetition 
frequency is too low for a flicker free, high resolution 
sampling oscilloscope display. 

A tunnel diode (Pierce 1967, p40) has two stable 
operating points and switching between them can occur in as 
short a time as 10 picoseconds (ps). A step generator using 
a tunnel diode can have a leading edge risetime as fast as 
25 ps (the speed of the diode is reduced when it is packaged 
crn this thesis Puen gonation of the pulse is defined to be 
. its width between the points where its amplitude is -20 dB 

of its peak amplitude. This gives a better idea of whether 
reflections of the pulse from discontinuities on antennas 
can be separated in time than does the commonly used 


definition of pulse duration, which is the width between 
the half-power (0.707 voltage) points. 
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in a cavity, Elliot 1969), and can be triggered and reset at 
GHz rates. However, the step amplitude is only about one 
quarter-volt. Many sampling oscilloscopes have fast tunnel 
“diode step generators built into them, and these instruments 
are called Time Domain Reflectometers (TDR's). A Tektronix 


152 TDR was used for the measurements reported in chapter 11. 


' §tep 
Mercury Tunnel Avalanche 
Method switch aah tad transistor 


Output step* or step* 
waveform pulse 
>100MHz 
Yes Not 
necessary 


Output up to 300] 0.25 
voltage . 
Repetition <100Hz 
frequency 


Triggering . Yes 
required 


Risetime ~e5 100 
| Cpicoseconds) ‘ 
>$10 | $20->$100 | <$1 


*A pulse with a duration longer than the viewing window 
can be regarded as a step 


Table 4.1: Summary of characteristics of common methods of 


generating high speed signals. 


When a forward biased step recovery diode (Giorgis, 1963) 


(also called a snap diode or a charge storage diode) is 
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rapidly reverse biased, current continues to flow through 
the junction until all the stored charge has been swept out. 
Conduction then ceases abruptly. The turn-off (or recovery) 
‘time Cee anes about 100 ps. This characteristic can 
be used to generate fast steps or pulses from slower input 
signals (Giorgis 1963, Hu 1963). Step recovery diodes are 
expensive. The Hewlett Packard 5082-0182 (recovery time 
200 ps) costs $NZ18.75 and the 5082-0183 (recovery time 
150 ps) costs $NZ45.00 (in New Zealand). Devices with 
higher power ratings cost $100 or more. Step recovery diodes 
are used to generate the very narrow pulses required to 
operate the sampling gates in sampling oscilloscopes. 
Junction transistors exhibit a negative resistance 
region, called the avalanche region, in their common-emitter 
output characteristics at high collector voltages (Beale et 
al., 1957). Very high switching speeds, with moderately 
high output voltages (see Table 4.1) Galins obtained by 
operating a transistor in the avalanche region. Excellent | 
results can be obtained from silicon planar transistors 
which are marketed as high-speed switches (Magnuson, 1963). 
Because of the low cost (<$1) of suitable transistors, and 
because the characteristics of the output pulses were suit- 
able for the planned measurements, development was confined 
to avalanche transistor pulse generators. The operation of 
a transistor in the avalanche mode is briefly described in 
section 4,2. Many fast pulse generators were constructed, 
and a selection of these are described in detail in section 


4.4. 
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The output waveforms of some fast-risetime signal 
generators are step functions (see Table 4.1). The tunnel 
diode generators built into TDR's are arranged to generate 
step functions. Narrow pulses were required for the planned 
experiments, and section 4.4 describes two methods of forming 


step functions into narrow pulses. 


4,2 AVALANCHE MODE SWITCHING 

The physics of common-emitter avalanche breakdown in 
transistors is complicated, and a simplified explanation, 
which is sufficient to understand the eperabion sire simple 
pulse generator, is given here. A complete explanation of 
_ avalanche breakdown is given by Thornton et al. (1966, 
chapter 1). 

There are two possible modes of operation, (a) punch 
through mode and (b) non-punck through mode, which depend 
upon the characteristics of the transistor used. Discussions 
of both modes, together with practical circuits, are given 
by Beale et al. (1957) and Seeds (1960). Avalanche circuit 
design is also published by Motorola (1963, chapter 9). 

Relaxation oscillators which generate narrow pulses 
(about 1 ns) with repetition rates up to several MHz can be 
constructed from transistors which Souante in either mode (a) 
or mode (bd). Triggered pulse ‘generators can also be con- 
structed from transistors which operate in either mode 
provided collector triggering is used (Seeds, 1960). Base 
triggering is only suitable for transistors which operate in 
mode (b). Silicon planar transistors are manufactured by a 


diffusion process: hence they usually operate in mode (b) 
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(Thornton et al. 1966, chapter 1; Magnuson 1963). 

Fig. 4.1 shows the common-emitter collector character- 
istic for a transistor plotted to high voltage and Fig. 4.2 
is a schematic of an avalanche relaxation oscillator which 
operates in mode (b) (this means that the punch through 
voltage, which is the collector voltage at which the base 
width becomes zero, is greater than the avalanche voltage, 
so that breakdown occurs at the avalanche voltage). The 
base-emitter junction is reverse biased by VV, and the 
reverse base current which flows is -I,: On applying a 
voltage Iie to the circuit the collector capacitor Oe 
charges through Ro towards Ving and an increasing collector- 
~ base leakage current flows which assists -I, and raises the 
potential of the base. When the avalanche voltage is reached 
the collector-base current increases rapidly, the rise in 
base potential brings the emitter into conduction and a. 
pulse of current flows Canoe tHe emitter as Cy suddenly 
discharges to Vain’ “min 18 lower than se (see Fig. 4.1) 
because the collector voltage continues to fall as charge 
which is stored in the base of the transistor at peak current 


diffuses out: eee may be as low as zero. The time taken for 


n 
the stored charge to completely diffuse out of the base is 

often several times the pulse risetime, and gives the pulse 
a "tail". A voltage pulse is obtained by sampling the dis- 
charge current with a small value resistor in series with 

either the capacitor or the emitter, depending on the pulse 
polarity required. A pulse amplitude of tens of volts into 


50 ohms with a risetime of 500 ps is typical of a single 


transistor. The fastest switching times are obtained when 
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the avalanche voltage is close to the punch through voltage 
(Magnuson, 1964) and some transistors give risetimes as fast 
as 200 ps. The output voltage may be increased to many 
hundreds of volts by connecting transistors in series 
(O'Dell, 1969). However, the pulse risetime is increased. 
The pulse duration may be increased beyond a few nanoseconds 
by using a charge line instead of a collector capacitor 


(Magnuson, 1963). 


4.4 CONSTRUCTION OF AVALANCHE TRANSISTOR PULSE GENERATORS 


4.43.1 Relaxation Oscillators 

Many silicon planar transistors were tested in the 
~ avalanche mode, and the Fairchild 2N4644 and 2N4646 were 
found to give particularly gocd results. Several relaxation 
oscillators were expefimentally developed from the circuit 
shown in Fig. 4.2, and it was found that the base resistor 
Ry could be connected to ground. Thus only a single power - 
supply is required. | 

Fig. 4.3 shows a pulse generator which uses the 2N3643. 
The effective bandwidth of the pulse is about 700 MHz, and 
the tail on the pulse which is caused by stored charge (see 
section 4.2) is clearly visible. The output impedance when 
the transistor is on is very low. No attempt was made to 
make the output impedance exactly 50 ohms when the transistor 
is off ( so that no secondary reflections are caused by 
signals being reflected from the pulse generator; see section 
4.2) because the transistor capacitance varies with the 
amplitude of any Signal appearing at the output connector. 


The 55 ohm resistor is made of four 220 ohm carbon 
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composition resistors connected in parallel to reduce 
inductance. Carbon film resistors were avoided because they 


have a spiral track and are inductive. The value of the 20 


pf collector capacitor (which is four 5 pf capacitors connec- 


ted in parallel) was selected experimentally for optimum 
pulse shape and duration. The value of the base resistor is 
not critical and reliable oscillation with a selection of 
transistors in the circuit was obtained with a value of 6.8K 
ohms. In stubborn cases its value can be decreased. The 
pulse amplitude depends upon the particular transistor used, 
but most were found to give about 20 volts. The transistor 
which gave the pulse shown in Fig. 4.4 had an uncommonly 


high avalanche voltage. The pulse repetition frequency was 


about 400 KHz. 


Long duration, fast risetime pulses can be generated by 
using the circuit shown in Fig. 4.4, which is a modification 
of one published by Magnuson (1963). The capacitor C, is 
adjusted to obtain the fastest risetime without overshoot and 
Cy is adjusted to obtain the flattest pulse top. The output 
pulse shown in Fig. 4.4 was obtained with a charge line 
length of about 2.75 m. Lower repetition frequencies must 
be used when generating long pulses to prevent excess power 
dissipation in the transistor: the pulse repetition 
frequency for the generator shown in Fig. 4.4 was 25 KHz. 

Greater switching speed is obtainable from the 2N4646, 
and Fig. 4.5 shows a pulse generator with an effective band- 
width greater than 1 GHz. The output pulse shown in Fig. 
4.5 was measured on a Tektronix 181 sampling unit (risetime | 


~ 450 ps) so it is likely that this pulse is even faster than 
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pictured*. No optimum value could be found for the collec- 
tor capacitor C, so it was made adjustable thus allowing the 
pulse amplitude and duration to be altered (see Fig. 4.5). 
The emitter resistor was decreased to 25 ohms to fully 
exploit the transistors speed. The pulse repetition 
frequency depends upon C, and is about 3 MHz when C = 2 pf. 
Ten transistors were tried in this circuit (with C = 2 pf), 
and pulse amplitudes ranging from 12.5 to 20 volts were 
obtained. The mean was 15 volts. This pulse generator was 
used for most of the driving point measurements reported in 
this thesis. 

Both the pulse generators shown in Figs 4.43 and 4.5 were 
constructed inside a metal cavity at the end of a section of 
air dielectric coaxial line, and photographs of the mechan- 
ical layout are shown in Fig. 4.6. The small size of the 
generators is apparent from the GR-874 coaxial connectors. 

Fig. 4.7 shows the high amplitude pulse generator which 
was used for making the far field measurements. The high | 
amplitude was obtained at the expense of risetime by using a 
high value emitter resistor. The collector capacitor then 
discharges into the coaxial cable (the 470 ohm resistor is 
necessary to start the discharge). Two 27K ohm resistors 
attenuate the output pulse to provide a trigger signal for 
the sampling oscilloscope (the sapeot anes across a single 


resistor prevents sufficient attenuation). 


“When the Tektronix 152 sampling unit became available, the 
risetime of this pulse generator was found to be faster 
than 200 ps. 
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4.3.2 A Triggered Pulse Generator 


The circuit of a pulse generator which can be triggered 
is given in Fig. 4.8. Reliable triggering is effected by a 
‘positive trigger pulse with a 5 ns risetime and an amplitude 


of 2-20 volts. 


4,4 PULSE FORMING 


4.4.1 Differentiation 

A step function can be formed into a pulse by differen- 
tiating it. A simple differentiator is shown acre, 4.9 
together witn its implementation in coaxial line.’ As an 
example the pulse shown in Fig. 4.10 is formed by differen- 


- tiating the leading edge of the pulse shown in Fig. 4.4. 


4,.4,2 Stubs 

A step may also be formed into a pulse by placing a 
short-circuited stub in parallel with the line (Ross 1965, 
1967b, 1969b). The characteristic impedance of ‘the stub is 
half that of the line. The step response of the eepuleine: 
network, which is depicted in Fig. 4.11, is a pulse whose 
duration equals twice the propagation time of the step down 
the stub. Fig. 4.12 shows a pulse formed from the 50 ps 
risetime step output of a Tektronix 152 TDR. This pulse was 


used for the bent wire measurements reported in chapter 11. 
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CHAPTER 5: RESPONSE OF NARROW BAND ANTENNAS 


5.1 INTRODUCTION 

In this chapter the transient driving point character- 
istics of a thin dipole are examined. The dipole is the 
simplest example of a narrow band antenna’, 

The transient driving point characteristics can be 
obtained from the input impedance. There are numerous 
papers concerning the input impedance of the dipole. An | 
excellent history of the problem is given by Hurd (1969, 
part A), who catalogues over 400 references. Probably the 
most famous contribution to thin cylindrical antenna theory 
is the integral equation of Hallen (1938) (also in Hallen 
1962, section 35.1). Hallen succeeded in simplifying the 
integrate and presented extensive numerical results for the 
input resistance and reactance for various thicknesses of 
dipole (Hallen, 1948). These results can also be found in 
Jordan and Balmain (1968, pp566-567). Extensive seceainontal 
measurements had earlier been presented in a similar form by 
Brown and Woodward (1945). Other theorerical solutions are 
described by King (1956). The monochromatic characteristics 
are related to the transient characteristics in section 5.2. 

Wu (1961a) derives an expression for the input admitt- 
ance of a long, thin dipole antenna. King and Schmitt 


(1962) extend his work and derive an expression for the input 


en this thesis a narrow band antenna is defined as one 
which is only matched to its feedline over a 5% bandwidth. 
A VSWR of 2 constitutes a match. 


23 


impedance of a monopole as its length becomes infinite“. 
Otto (1969) presents numerical results from accurate theory 
(Otto, 1967). Andersen (1968; 1971, section 2.2.2) has 
“inferred the input admittance of an infinite monopole indir- 
ectly from continuous wave (c.w.) measurements. Tt section 
5.4 the input impedance, as a function of frequency, is 
computed for an (effectively) infinite monopole from a short 
pulse measurement of the driving point response of a long 
monopole. The result verifies the previous theories, and is 
discussed in section 5.4.1. 

The transient response of the dipole has been investig- 
ated theoretically and experimentally by a number of authors 
_ (see chapter 1). Section 5.4.2 contains a detailed discuss- 


ion of this previous research. 


5.2 THEORETICAL CONSIDERATIONS 

Pocklington (1897) demonstrates that the current on thin 
perfectly conducting wires is propagated approximately with 
the velocity of light, and that between any two points of 
monochromatic excitation the current distribution is approx- 
imately sinusoidal. Thus the current distribution on a mono- 
chromatically excited dipole is approximately gimsoidal 
(the open ends act like sources). This is now known to hold 
fairly well for very thin wires, and isa commonly used 
engineering approximation for calculating the radiation 
characteristics of the dipole (which are relatively insensit- 
ive to the current distribution). Actually the amplitude of 
the current wave propagating along the wire decreases slowly 
ein this thesis the terms dipole and monopole are used inter- 


changeably. The input impedance of a monopole, which is 


to be driven over an infinite ground (or image) plane, 
ce nate that of a dipole whose half-length is equal to the 
length of the monopole. 
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with distance because it is damped by radiation losses (the 
effect being greater for electrically thick wires than for 
“thin wires) and its phase velocity is slightly slower than 
the velocity of light, which it approaches asymptotically as 
the distance from the driving point increases (Andersen, 
1968)? The phase velocity of the current at a given point 
on an antenna is frequency sensitive. This is because both 
the antenna diameter, and the distance from the driving point 
in terms of wavelengths, change with frequency. As the 
prequenes increases the electrical thickness of the antenna 
increases, which tends to slow the wave. However, the 
electrical distance from the driving point increases, which 
- tends to speed up the wave. The net effect is that the 
phase velocity at a given point increases with increasing 
frequency (Andersen, 1968). Thus the dipole acts like a non- 
uniform transmission line (recall the theory which treats 
the dipole as a transmission line with an evenly distributed 
loss to account for radiation: Jordan and Balmain 1968, | 
section 11.14). A current pulse propagating along Ge dipole 
exhibits slight dispersion and a slight continuous reflection 
from the whole length of the dipole. 

The driving point response of a monopole v(t), to an 
incident signal u(t) can be obtained from the input impedance 


Z(f): 


v(t) = {- o(f) u(t) eF@mt ae 7 (5-1) 


e.g. the phase velocity is within 0.05% of the velocity of 
light 4.34 wavelengths from the feedpoint of a 1/300 wave- 
length diameter wire. This corresponds to 1 metre from the 
driving point of a 1 mm diameter wire at 1 GHz. 
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where 
7 Z(f) - Zo ; 
ef) = aFGF Zo (5-1a) 


-U(f) is the spectrum of u(t) and p(f) is the voltage 


reflection coefficient when the monopole terminates a trans- 

mission’ line of characteristic. impedance Zo: ” 
Williams (1963) uses eqn(5-1) to numerically calculate 

v(t) fora 3m long, 3.32 mm dia. monopole for two incident 


signals, one of which is a narrow Gaussian pulse: 
_t¢ 
u(t) = exe| —* | ; t, = 1.5 ns (5-2) 
4 ‘ 


When Z, = 50 ohms Williams shows that v(t) consists of a 
series of pulses, which correspond in time to the instants 
at which u(t) is reflected from the base as it travels up 
and down the monopole at (approximately) the speed of light ,. 
alternately being reflected from the base and the tip. Some 
dispersion is perceptible on the third, fourth and fifth 
pulses pictured by Williams (only five pulses are shown), as 


predicted above. No continuous reflection is perceptible. 


Williams also shows that when Zo = 300 ohms the reflection 


from the base is very small, and v(t) consists of only one 
met reflection, which is the reflection of the incident 
pulse from the tip. When observed in the transmission line 
the amplitude of the tip reflection is only 0.6 times the 
amplitude of the incident pulse. The monopole appears, from 
the driving point, to be a length of lossy and slightly dis- 


persive transmission line which has a characteristic 


‘impedance of about 400 ohms. 
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5.3 EXPERIMENTAL DETERMINATION OF THE INPUT IMPEDANCE OF AN 

EFFECTIVELY INFINITE MONOPOLE 

If a monopole is infinitely long then v(t) consists of 
a single reflection of the test pulse from the base. Con- 
sequently by only accepting the first reflection of a narrow 
pulse from a long monopole (i.e. that from the base), e(f) 
and hence Z(f) of an effectively infinite monopole can be 
computed. 

Fig. 5.1 shows the test pulse and the pulse reflected 
from the base of a 1.5 m long monopole of diameter 2a = 
0.556 cm (which was the same as the inner diameter of the 
coaxial line aiiet fed it). Fig. 5.2 shows the computed 
e(f) for the monopole terminating a 50 ohm line. Z(f) 
(plotted as resistance and reactance) is shown in Fig. 5.3 
together with the theoretical results of King and Schmitt 
(1962) (translated for 2a = 0.556 cm) and Otto (1969). 
Otto's numerical results were interpolated to obtain values 
for a coaxial line with an outside to inside radius ratio 
b/a = 2.3 (i.e. Z = 50 ohms). Values inferred indirectly 
from c.w. measurements by Andersen (1963) are also included. 


5.4 DISCUSSION 


5.4.1 The Infinite Antenna 

In Fig. 5.3 a close agreement is obtained above 200 MHz 
between the experimental nani and King and Schmitt's 
(1962) and Otto's (1967, 1969) theories. The results 
inferred from c.w. measurements by Andersen (1968; 1971, 
section 2.2.2) are also in close agreement with the pulse 
experiment. The accuracy of the experimental results 


deteriorates below 200 MHz because the signals were truncated 
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at 9.5 ns. This means that the reflection of the pulse from 
the monopole lasts longer than 9.5 ns, in agreement with the 
theoretical considerations presented in section 5.2. 

| Wu (1962) (also in Collin and Zucker 1969a, chapter 10) 
shows that the apparent input admittance of an infinite, thin 
dipole antenna driven from a thin coaxial line can be 
separated into two parts. One is dependent on the dimensions 
of the antenna and independent of the dimensions of the 
tranamission line; this is cue intrinsic admittance of the 
antenna. The other is independent of the antenna dimensions 
but is dependent on the dimensions of the transmission line; 
this is equivalent to a frequency independent base capacit- 

. ance. The expression used by King and Schmitt is independent 
of the transmission line dimensions, but their experimental 
observations show that the effect of the base capacitance is 
too small to be detected for the range of frequencies in 
their test pulse spectrum (< 300 MHz). Although the measure- 
ment reported in section 5.4 was more accurate than King and 
Schmitt's early measurement, the results show that the 

effect of the base capacitance is too small to be detected 

at ene frequencies for which the results are computed. 

Otto (1967) uses a frill of magnetic current to model 
the excitation of the antenna: this corresponds to TEM 
excitation from a coaxial line. He presents an argument 
which shows that for small b/a and ka the effect on the input 
impedance of the TM modes in the aperture is small. The 
results presented here confirm this. 

The input impedance of an infinite antenna could also 


be obtained by measuring a travelling wave antenna. This isa 
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finite antenna in which reflections from the ends are 
avoided by some means. Lumped resistive loading is used by 
Altshuler (1961), lumped reactive loading by Nyquist and 
“Chen (1968) and distributed resistance and multiple imped- 
ance loading by Taylor (1968). However, in practice:'a small 
standing wave ratio exists on the antenna. To infer the 
infinite antenna impedance, Andersen (1968) requires two 
c.w. Measurements. Precise c.w. measurements are very 
tedious. The experiment reported here is simple to perform, 
and gives the input impedance for a range of ka of about 4:1 
from a pair of measurements. Thus from only a few measure- 
ments results spanning a wide range of ka and b/a are 


obtained. 


5.4.2 Transient Response of Dipole 


Measurements of v(t) for a monopole fed from a 50 ohm 
coaxial line for narrow pulse excitation are reported by 
King and Schmitt (1962) and Ross (1966c), and their measure- 
Ments agree with the v(t) computed by Williams (1963). Ross 
used superior equipment, and his measurements clearly show 
the dispersion which is noticeable on the third, fourth and 
£1P tn Pulsea:-oP the VCO). Gommuted: by Williams: 

King and Schmitt (1962) used a 3 ns long pulse with a 
1 ns risetime, and their monopole was 0.476 cm dia. and 2.75 
m long. Details of the driving point geometry are not given 
but it appears that the monopole was connected to the inner 
conductor (0.295 cm diameter) of a length of 50 ohm coaxial 


cable which terminated flush with the surface of the ground 


—. 


+The measured pulse response of a monopole terminating a 50 
ohm line is shown in Fig. 2.6. 
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plane. By dividing the peak amplitude of the pulse reflect- 
ed from the base of the monopole by the peak amplitude of 
the pulse reflected from the unterminated line (i.e. with 
er wonenere removed), they obtained a pulse reflection 
coefficient of 0.72. This corresponds to a surge dmpedanee 


s 
jent, Z(f) was calculated for an infinitely long monopole by 


Z_ of 307 ohms”. To explain this pulse reflection coeffic- 


extending a theory by Wu (1961a). From Z2(f), p(f) was cal- 
culated for the monopole terminating the 50 ohm line. They 
“then assumed that the pulse was band-limited at fo and calcul- 


ated an average reflection coefficient 6 in two ways: 


1) 


_ Zt) - zZ 
6 = ———? (5-3) 
ZCf) + Zo a 
‘where Z(f) is an average impedance given by 
4 re 
Zr) = - i a(f) af (5-4) 
c 
2) . 
B= 33 i‘ seas . (565) 
eet -f, WEY + Z5 


With the assumption that U(f) = 1 for ae <f< foo the 
numbers given by eqns (5-3) to (5-5) agreed with the measured 
pulse reflection coefficients of several monopoles of 
different diameters. 

Wu and King (1963) have studied analytically the 


reflections from the base of straight wire antennas driven 


The surge impedance is the apparent impedance terminating 
the transmission line as seen by the pulse. Its value 
depends only on the properties of the antenna near its base. 
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by coaxial ‘nes: They present numerical results for 
incident current pulses having exponential rises and decays. 


They show that the shape of the reflected pulse is nearly 


the same as the incident pulse if Zy is 50 ohms or less, and 


if the risetime of the incident pulse is much longer.than a 


characteristic time to defined as 
_ aa! os 
to = ae “i 6) 


where a' and b are the inner and outer radii respectively of 
the coaxial line and a is the antenna radius. Unless a is 
large, ty) is much smaller than the risetimes of the fastest 
pulse generators currently available (e.g. to for the mono- 
pole measured in section 5.4 is 4 ps). For one set of 
numerical results they used data corresponding to the exper- 
iment reported by King and Schmitt (1962), and the pulse 
reflection coefficient agreed with that from the experiment. 
For the same antenna, but for a faster risetime pulse (69 ps), 


and for Zo ranging from 105 ohms to 285 ohms they found that 


the reflected current pulse was initially positive, but 


reduced to zero and became negative later in time’. This is 
because the sharper pulse contains higher frequency compon- 
ents in its spectrum, and Z(f) for an infinite monopole 
decreases with increasing frequency (see Fig. 5.3). Thus for 
some value of Zo the current reflection is positive for the 
high frequencies and negative for the low frequencies. The 


initial behaviour of the reflected current pulse is primarily 


Ga: ; 
“This paper has been combined. with King and Schmitt (1962) 


and appears as chapter 11 of King and Harrison (1969). 


’nne observed voltage reflection is related to the current 
reflection by -1. 
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determined by the characteristics of the junction at high 
frequencies; hence it begins with a positive peak. later in 
time, when the low frequency end of the signal becomes 
dominant, the reflected current pulse becomes negative. The 
results of this approximate theory were substantiated exper- 
imentally by Schmitt (1963) who observed the reflections of 
an incident step function of voltage, which had an approxin- 
ately exponential rise, from monopoles of various radii 
driven from a 50 ohm and a 120 ohm line. The same pelavions 
is also seen in the responses computed by Williams (1963), 
who demonstrates theoretically that when Zo is large @600 
ohms) the negative peak dominates the voltage reflected from 
the base. Wu and King conclude that a pulse reflection 
coefficient can only be defined when there is little distor- 
tion of the incident pulse, i.e. when Zo is small and the 
risetime of the incident pulse is long compared to tor ° 

Williams (1963) criticises the concept of a pulse 
reflection coefficient. He points out that eqn(5-5) only 
gives the value of the reflected signal at t = O (which may 
not be the peak) when the incident signal is 

sin 2nf,t , 

u(t) = agg (5-2) 

(the Fourier transform of eqn 5-7 is U(f) = Nor for 


-f <f<f 


S ae U(f) = O otherwise, so that substituting this 


into eqn 5-1 and setting t = O gives eqn 5-5, since u(t) = 1 
for t = 0), and that King and Schmitt have only shown that 
‘the numbers given by eqns (5-3) and (5-5) fortuitously have 
about the same value as the measured pulse reflection 


coefficient under certain: conditions (which is for one shape 
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of incident signal that is assumed to be bandlimited, and 
for Zo = 50 ohms). A pulse reflection coefficient which 
relates the peak amplitudes of the reflected signal and the 
“incident Signal tells nothing of the shape of the reflected 
Signal. The peak values of the signals may not even: occur 
at the same instant in time. Williams concludes that the 
best general relation between the reflected signal and the 
incident signal is stated in principle by eqn(5-1). The 
reflected signal may be calculated from it for specific 
incident signals. 

A pulse reflection cootficient as defined by King and 
Schmitt is not meaningful unless the risetime and duration 
_ of the pulse are specified’. For a monopole Wu and King 
(1963) have shown that its va2ue depends on these two para- 
aptene (or, more specifically, on the spectrum of the incid= 
ent puise). This is demonstrated in Table 5.1 which com- 
pares King's and Schmitt's measurement to three other mono- 
pole reflection measurements using different incident pulses. 
The second niéasurement is from the experiment reported in 
section 5.4, and the last two were made using the bend 
measuring apparatus described in section 3.3. The pulse 
duration was altered by adjusting the stub. Notice also that 
the peak amplitude of the reflected pulse in Fig. 5.1 occurs 
100 ps after the arrival of the incident pulse. Neverthe- 
less the concept of the pulse reflection coefficient and the 
surge impedance is sometimes useful. This is seen later in 


section 6.4.2.1.2. 


The conical antenna is an exception (see section 6.2.1). 
its surge impedance is equal to its characteristic imped- 
ance which is frequency independent. 
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Pulse Pulse Pulse reflection Surge 
risetime duration coefficient impedance (ohms) 


*Due to King and Schmitt 


Table 5.1: Pulse reflection coefficients and surge imped- 
ances for 0.556 cm dia. monopole for different 


incident pulse shapes. 


Ross (1966c) presents a simple flow graph model of the 
dipole to explain its observed narrow pulse response. An 
open circuited length of uniform, lossless, TEM mode trans- 
mission line of characteristic impedance Z represents the 
dipole. The base region is represented by a non-causal, 
dispersive filter having a Gaussian shaped impulse response 
to introduce dispersion, and a loss factor to account for 
the loss due to radiation. The impedance Z and the loss 
factor of the Gaussian filter were determined from a simple 
narrow pulse measurement. The standard deviation of the 
Gaussian filter was determined by calculating approximately 
the impulse response of an infinitely iene monopole from its 
input impedance (obtained from King and Schmitt, 1962). 
However, it could also have been determined from the pulse 
measurement (as was shown in section 5.4). The time domain 
response of the dipole to any incident signal can be deter- 


mined graphically from the flow graph model. This is 


simplest when the incident Signal is also a Gaussian. Pulses 
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generated by semiconductor pulse generators are rough approx- 
imations to a Gaussian. 

This model is only valid for feedlines of low charac- 
teristic impedance, for when Zo is large the filter no longer 
has a Gaussian shaped impulse response (Williams, 1963). 

One comment about the experimental technique used by 
both King and Schmitt and Ross is in order. They both 
measured the pulse reflected from the unterminated end of 
the coaxial line as their reference pulse. Because of the 
end effect (Jordan and Balmain 1968, p394) this technique 
can introduce errors, particularly if the frequency response 
is being computed. Consequently it is more satisfactory to 
measure the pulse reflected from a short circuit and to 
allow for the inversion in the calculations, as has been 


done throughout this thesis. 
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CHAPTER 6: RESPONSE OF WIDEBAND ANTENNAS 


6.1 INTRODUCTION 


Since World War II various wideband antennas have been 
developed: many can operate over bandwidths of several 
octaves. Some types have bandwidths which are limited only 
by practical construction. These are the frequency indepen- 
dent antennas proposed by Rumsey (1957) and experimentally 
developed by Dyson (1959a, 1959b), and the logarithmic 
periodic anieennaa: proposed by Du Hamel and Peper? (1957). 
Equiangular spiral antennas have been constructed to operate 
over bandwidths of 40:1 (Dyson, 1962). Reviews of recent 
developments in broadband antennas are given by Dyson (1962) 
and Jordan et al.: (1964). 

It is shown later in chapter 8 that log-periodic 
antennas and frequency independent antennas are unsuitable 
for use in a system that is required to faithfully transmit 
signals which have bandwidths of an octave (2:1) or more. 
It is also suggested that a phase-corrected conical monopole 
(or biconical dipole) is suitable. The conical monopole was 
one of the first antennas to operate over a bandwidth of 
several octaves. The discone antenna (Jasik 1961, section 
4.8) is still commonly used. Conical monopoles which are 
made from continuous sheets of metal have been comprehensive- 
ly studied, both theoretically and siperinentally, by 
various aiehors: and their driving point characteristics are 
reviewed in section 6.2.1. The driving point characteristics 


of matched conical monopoles are investigated experimentally 


Ty sually abbreviated to log-periodic. 
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in gestion 6.3.1, where a comparison is made between a cone 
made of wires and a sheet metal cone. The effect on the 
input impedance of inserting a phase correcting lens into 
the aperture is investigated in section 6.3.2. The results 
are discussed in section 6.4.1. 

Another wideband antenna of simple construction, but 
which has received little attention in recent years, is the 
triangular fan antenna’. This antenna is made from a contin- 
uous sheet of flat metal, and has similarities with the 
conical antenna. It is commonly used as a VHF television 
antenna (Jasik 1961, section 24.8). The fan monopole has 
been comprehensively studied experimentally by Brown and 
_ Woodward (1952). Theoretical investigations appear to be 
limited to determining its characteristic impedance (Carrel, 
1958; Hall, 1971). The driving point characteristics of the 
sheet metal fan are reviewed in section 6.2.2. 

It is impractical to use a fan antenna made from a 
continuous sheet of metal at frequencies where its physical 
dimensions are greater than about a metre or so, because its 
weight and wind resistance would be too great. Consequently 
it is of interest to examine the characteristics of fan 
antennas which: are made from discrete wires. The simplest 
construction is a radial wire fan (all the wires emanate from 
the driving point). Measurements were made on several 
shapes of radial wire fan, and the results are presented in 
section 6.3.3. These measurements supplement those of Brown 
and Woodward (1952). Some sheet metal fans were also meas- 


ured for comparison, and close agreement with the c.w. 


— 


“sematinds called a fin. 
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measurements of Brown and Woodward is obtained. Measurements 
of the surge impedance were made to verify the theories of 
Carrel (1958) and Hall (1971). The results are discussed 

“in section 6.4.2. 

A discussion of the measurement errors is given:in 


section 6.4.4. 


6.2 THEORETICAL CONSIDERATIONS 
6.2.1 Conical Monopoles 

The characteristic impedance is constant along the 
length of a conical monopole which is constructed from a con- 
tinuous sheet of metal. The relation between the core 
_, Characteristic impedance Zo (which would equal the input 
impedance if the cone was infinitely long) and the cone half 


flare angle 9 is 
Zo = 60 In coty/2. (6-1) 


The flare angle is defined in Fig. 6.1. Zo is resistive, 
and equals 50 ohms when = 46.9° >, If the cone is made of 
a cage of constant diameter wires then Zo is not constant, 
but increases as the distance from the driving point 
increases. This is demonstrated by experiment in section 
Gua. Zo is constant only if the wires themselves are 
conical (Schelkunoff and Friis 1952, section 4.11; 
Sehelkunore 1943, section 8.14). 

The input impedance of a conical monopole depends only 
on the TEM wave (Jordan and Balmain 1968, p572). This is 
the basis of Schelkunoff's ingenious solution for the input 
impedance, in which he represents the cone as a section of 


Prom now on this is referred to as a 50 ohm cone. 
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- transmission line with an appropriate terminal impedance. 
However, the approximations he made in calculating the 
terminal impedance make his results valid only for small 
Piers angles (@ << 1 radian) (King 1956, section VIII.9; 
Hurd 1969, p23). 

The input impedance for wide angle (@ > 30°) conical 
monopoles capped with sections of spheres has been obtained 
theoretically by Papas and King (1949). Results are 
presented for half eiave angles ranging from 30° to 70°, and 
reasonable agreement with the experimental measurements made- 
by Reich (1947) was obtained: In most of the theoretical 
treatments the effect of the discontinuity at the driving 
point is néelected’. Papas and King (1949) point out that 
there must be an upper limit to the flare angle for which 
their results are valid, for as the flare angle increases 
the discontinuity becomes more severe, thereby making the 
evanescent modes there siieni Piount-s It is also interesting 
to note that the theoretical solutions of the conical antenna 
do not give results which are as accurate as solutions of 
the thin cylindrical antennas even for very small flare 
angles and in spite of the analytically convenient shape of 
the cone (King 1956, section VIII.10). 

Brown and Woodward (1952) have published a set of curves 
of the measured input resistance and reactance of conical 
monopoles plotted against electrical length for a wide range 
of flare angles. These curves also appear in Jasik (Section 
“Tt bas apparently been analysed by Ess (1951) (Hurd 1969, 

P . 


PALL higher than the TEM (Jordan and Balmain 1968, section 
14.13). 
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3.2). They noticed that the measured input impedance of 
hollow (i.e. open ended) cones is the same as that obtained 


theoretically by Papas and King (1949) if the slant heights 


were the same®, The spherical cap thus makes no difference 


to the measured input impedance (although they found. that it 
affected the paatetion pattern slightly). 

The input impedance of the wide angle conical monopole 
is close to the characteristic impedance at resonance and at. 
antiresonance, and the impedance variations are slight 
providing the slant height is greater than about »/4. The 
conical monopole can therefore be matched to the coaxial 
line which feeds it over a wide bandwidth by choosing g so 
that the cone characteristic impedance is the same as that 
of the coaxial line. The only reflections from the base then 
are caused by the discontinuity at the junction of the feed- 
line and the cone. 

Ross et al. (1966a, 1966b) use Papas and King's express- 
ions for the input impedance to infer the shape of the | 
impulse response of a 20 ohm matched conical monopole by a 
graphical inverse Fourier transform. Their result is reproduc-— 
ed in Fig. 6.2, plotted with respect to the input of the cone 
as a function of L/c, the propagation delay along the cone. 
They substantiated this result experimentally by a narrow 
pulse (400 ps)? measurement of a 15 cm slant height cone. 

The impulse response, and hence the narrow pulse res- 
ponse, is seen to consist only of a single reflection from 
the rim. Its duration is long (about 4L/c), and its rise- 
time and falltime are about O.4L/c and 2L/c respectively. 


z SeetatererOn etn 


The slant height is defined in Fig. 6.1. 


“This is the duration of the pulse as defined in section 4.1, 
and not the half-power pulse width which Ross et al. quote. 
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This is because the reflection contains mainly the low 
frequency content of the input pulse spectrum since the cone 
radiates nearly all the energy in the pulse (or impulse) for 
frequencies above about c/4L (i.e. when L is greater than 
about A/4). Consequently the peak amplitude of the reflect- 
ion is small (typically about one-quarter of the peak 
amplitude of the input pulse: see section 6.4.1). The 

shape of the impulse response can be explained by the 
following simple physical argument. The current pulse (as a 
TEM wave) travels onto the cone and to the rim without dis- 
tortion. At the rim the pulse is reflected. No current 
flows around the rim. Some current travels over the rim and 
- into the cone, but its amplitude ts small compared with that 
which is reflected, because when a spherical cap is fitted 

to divert the current which would have flowed inside onto the 
cap, there is no sensible change in the input impedance 
(Brown and Woodward, 1952). The current travelling back 

down the core induces current on the surface of the ground . 
plane which is directed towards the driving point (after a 
time delay which allows for the effect of the current, 
propagating at the speed Se <oteetvonasuctic waves, to be felt 
at the ground plane). This follows from the relation between 
the induced surface current density K and the magnetic 


intensity H at the surface of a perfect conductor: 
K-=n xi | (6-2) 


where n is a unit vector directed normal to the conductor 
surface ( the underlining denotes a vector quantity), and x 


denotes the vector cross product. Practically, many metals 
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are. effectively perfect conductors. The induced current 
then reinduces current on the surface of the cone, and so 
on. The current travels into the feedline without reflect- 
ion from the driving point. The signal observed in the 
feedline is a relatively long pulse which corresponds to the 
arrival of the reflected current and the induced current at 
the feedpoint. It has a slow decay because the magnitude of 
K decreases as the distance from the feedpoint increases, 
and the weaker current induced far from the feedpoint 
arrives later in time than the current induced near the 
feedpoint. | 

If the characteristic impedance of the cone is not 
. equal to that of the transmission line then there is a 
reflection from the base. The amplitude of the reflection 
is determined by the surge impedance of the cone, which is 
simply equal to the characteristic impedance. Some measured 
pulse responses of mismatched cones are given by Ross et al. 


(1966a, 1966b). 


6.2.2 Fan Monopoles 


Two geometries of sheet metal fan monopole are shown in 
Fig. 6.3 and four geometries of radial wire fans are shown 
in Fig. 6.4. Like the cone, the characteristic impedance of 
the sheet metal fan in constant (Carrel, 1958). Expressions 
for the characteristic impedance of fans are given by Carrel, 
but they contain elliptic integrals and are thus not as 
simple as the expression for the cone (eqn 6-1). Brown and 
Woodward (1952) present the measured input impedance of 


straight ended fan monopoles made of sheet metal, such as the 
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ae shown in Fig. 6.3(b). Measurements were made for flare 
angles ranging from 5 to 90°. They found that the straight 
ended fan exhibited resistance and reactance variations 
similar to those of the cone, but that the fluctuations were 
greater than for a cone with the same flare angle. For a fan 
then, v(t) should be similar to v(t) for a core which has a 
smaller flare angle than the fan. This is confirmed later 
in section 6.4.2.1.1. 

The characteristic impedance of fan antennas which are 
constructed from thin constant diameter radial wires lying 
in a plane is not constant (by analogy with the cone, section 
6.2.1). Also, because the current is constrained to flow 
only on the wires, significant differences can be expected 
petween the performance of the wire fans and the contnuous 
sheet fans. Current flowing on the surface of a flat, 
perfectly conducting, sheet metal fan only induces current 
on the edge of the sheet. If the current is flowing away 
from the driving point then the induced current also flows 
away from the driving point. This follows from eqn(6-2). On 
a radial wire fan however, current flowing on one wire 
induces current on adjacent wires which flows both towards 
and away from the driving point (from eqn 6-2, the current 
induced on the far side of the adjacent wire flows in the 
same direction as the inducing current and the current induc- 
ed on the near side in the opposite direction). No net 
current is induced on a wire situated between two adjacent 
wires carrying equal currents, provided the wires are 
equally spaced in angle and their diameter is small compared 


with their spacing. Thus the net current induced on the 
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wires near the centre of the fan is contributed by the edge 
eee and, the net induced current is greatest on the edge 
wires. This is not unlike the current flow on the contin- 
uous sheet fan. It follows that significant differences can 
be expected between sheet metal fans. and fans made of only a 
few wires. It also follows that as the number of wires 
increases the characteristics of the wire fan will tend to 


those of the sheet metal fan. 


6.4 MEASURED RESPONSES 
6.3.1 Conical Monopoles 

Reflection coefficients were computed from measured 
. Signals from two hollow cones (each of 50 ohm characteristic 
impedance when mounted above a ground plane) of 0.71 m slant 
height. One cone was constructed from 0.34 mm thick tin 
plated steel sheet, and the other from 26 equally spaced 
wires of 0.42 cm diameter. The ends of the wires were not. 
connected together. The reflected signals, due to the test 
pulse shown in Fig. 4.5, are shown in Fig. 6.5(a). The com- 
puted p(f) are presented in Fig. 6.5(b). The sampling 


parameters are given in Appendix 4. 


6.4.2 Phase-Corrected Conical Monopoles 


Measurements of the far field characteristics of phase- 
corrected conical monopoles are peported later in section 
9.4. The measurements were made on hollow 50 ohm cones which 
were made from thin brass sheet. The slant height was 7.6 
cm. The geometry of the cones, and of the phase-correcting 
lens, is given in Fig. 9.8. The measurement of the driving 


point characteristics of these cones is reported here. 
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The reflected signal, due.to the test pulse shown in 
Fig. 4.12, and the computed p(f). and Z(f) for the cone 
without phase correction are shown in Fig. 6.6. The phase 
correcting lens was inserted into the aperture and the 
measurement repeated. The results are shown in Fig.:6.7. 

These measurements were made using the experimental 
apparatus (which was designed for measuring bends) described 
in section 4.4%. The sampling parameters are given in 


Appendix 4. 


6.3.4 Fan Monopoles 


Reflection coefficients and input impedances dare 
computed from measured signals from each of the four config- 
urations of 6 wire fan monopole shown in Fig. 6.4. Measure- 
ments were made for flare angles of 60° and 90°. Sheet metal 
fans (made of 0.44 mm thick tin plated steel sheet with L = 
40.5 cm) were also measured for flare angles of 60° and 90° 
so that a direct comparison could be made with the wire fans. 
Notice that the slant height is kept constant as the flare 
angle is changed. This - in contrast to the measurements 
reported by Beows and Woodward (1952) in which the vertical 
height was kept constant. 

The reflected signals, due to the test pulse shown in 
Fig. 4.5, and the computed p(f) and Z(f) are shown in Figs 
6.8(a) to 6.8(1). Points selected from the measurements made 
by Brown and Woodward (1952) are superimposed on the corres- 
ponding curves in Figs 6.8(c) and 6.8(d). For convenience, 
the different shapes of fan are given an identification 
number, The meaning of this identification is illustrated 


with some examples. A CE-60 fan is a sheet metal fan with a 
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circular end and a flare angle 29 = 60°. A 6W-SE-90 fan is 


a 6 wire fan with a straight end, a 90° flare angle and no 


end wire. The same fan with an end wire is designated 


6W-SE-90-E. The measurements were made with the apparatus 
descbibed in section 3.2, and the sampling parameters are 
given in Appendix 4. The mepauencn ts were repeated for 
fans made of 5 wires, and these results can be found in a 
separate report (Burrell, 1972). 

The graphs of Z2(f) were forced to be normalised to 250 
ohms so that each vertical division conveniently corresponds 
to 25 ohms. This was done by limiting |Z(f)| to 250 ohms 


and setting the phase of Z(f) to zero for frequencies less 


_ than 100 MHz where |Z(f)| is large (corresponding to p(f) 


approaching 1). However, for some of the antennas measured, 
IZC£)| is larger than 250 ohms at some higher frequency, so 
that all the graphs are not normalised to the same value. 
Measurements of the pulse reflection coefficient (see 
section 5.4.2) were made on sheet metal and 6 wire fans for 
a range of flare angles. - The surge impedance Z was then 
calculated. This is simply equal to the characteristic 
impedance for the sheet metal fan. Because Z, was likely to 
be dependent on the spectrum of the pulse (as it is for a 
thin cylindrical monopole; section 5.4.2), the measurements 
were made with two different test pulses. They both had 
risetimes of 100 ps but their durations were 500 ps and 1 ns. 


The apparatus described in section 3.3 was used to make 


the measurements, and the pulse duration was altered by 


adjusting the short circuited stub. To the accuracy with 
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which the pulse reflection coefficient could be measured 
from the oscilloscope screen (an estimated error of +0.02) 
no: gigrerence could be detected in the values of the pulse 
reflection coefficients measured using the two test pulses, 
although some distortion was evident on the tail of the 1 ns 
pulse reflected from the 6 wire fan when 9 = 80° (the 
angular spacing of the wires was then 32°). This means that 
the characteristic impedance is an insensitive function of 
frequency. The results are shown in Table 6.1 and the 
values of Z, are plotted against m in Fig. 6.9. The charac- 
teristic impedance of a conical monopole is included for 


comparison. 


Sheet metal fan 


Half flare 
angle Pulse 


Surge Pulse Surge 
reflection |impedance | reflection |impedance 
coefficient] (ohms) coefficient 


Table 6.1: Pulse reflection coefficients and surge 


impedances for fan monopoles. 
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6.3.4 Discussion of Errors 
Estimates of the error in the computed spectra due to 

noise can be made using the expressions given in section 
(2.3.3.2. This is now done for the spectrum of the test 
pulse used for the measurements reported in this chapter. 

~The error due to suanetsation Sen be estimated using 
eqn(2-17). When the 4-point scanning method of sampling is 
used the conversion accuracy is 14 bits (see Appendix 2). 
After making proper allowance for the sampling oscilloscope 
scales and the attenuators used in the experiment, this 
corresponds to a quantising interval 6 of 2.06 mV referred 
to the signal level at the pulse generator. The peak value 
. of the pulse was 14 volts. Substituting the values of N and 
T which were used for the experiments reported in this 
chapter (see Appendix 4) into eqn(2-17), the noise anplitiide 
exceeded by not more than 1% of the frequency domain 


ordinates (& = 0.01) is €, , = 0.28 x 107'' V/Hz. From Fig. 


1,Q 
4.5 , |u(t)| is 0.8 x 107° V/Hz at O MHz falling to about 
O.46 X 4978 V/Hz at 800 MHz. ‘However, because of the loss 
introduced by the connecting cables lu(f)| at 800 MHz is 


=o V/Hz when u(t) is measured in the way described 


0.28 xX 10 
in section 4.2.1.1. E41 Q is negligible compared to this. 

4-point scanning removes amplitude and timing. drift 
from the measured signal. Thus the remaining noise is 
amplitude noise and jitter and timing jitter. The error due 
to amplitude noise can be estimated using eqn(2-14). When 
u(t) for the fan measurements was being measured, the 


maximum differerce between the sampled values of the old 


average and the updated average of u(t) (see Appendix 2) 
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after four scans had been made was 40 mV referred to the 
signal level at the pulse generator. The experiment 
described in Appendix 2 shows that the standard deviation of 
he differences in all the sample values is about one quarter 
of the maximum difference when four scans are made. ‘Assuming 
that all the noise is aaaiie: On iz estimated to be 10 mV. 
Thus, from eqn(2-14), the noise amplitude exceeded by not 
more than 1% of the frequency domain ordinates (& = 0.01) is 


-10 


= 0.48 x 10 V/Hz, which is about 0.6% of |U(f)| at 


150 
O MHz and 1.7% of |U(f)| at 800 MHz. A similar calculation 
using |V(f)| would give an error estimate for V(f).- If the 
same oy is used then the error in the computed p(f) follows 
_a Cauchy distribution (section 2.3.5). However, it is 
doubtful if the error obtained by evaluating the area under 
Chis distribution would be realistic. The assumption that 
all the noise is amplitude noise is not really valid. Just 
‘how much of the noise is due to timing jitter and amplitude 
ditter is unknown. 

As already discussed in section 2.5.5, error analyses 
as involved as this are seldom carried out in practice, and 
some simpler method is usually sought. When f is less than 
100 MHz, the computed |p(f)| tends to 1. Therefore an 
estimate of the error can be made simply by inspecting the 
computed o(f) at low frequencies (neglecting the results for 
f <1/NT, for truncation errors and slight errors in the Zero 
levels of u(t) and v(t) manifest themselves there). It is 
‘seen to be about 3-4% for the reflection coefficients 
reported in thie chapter. The error in the input impedance 


can be estimated from eqn(2-9b). 
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6.4 DISCUSSION 


6.4.1 Conical Monopoles 


Figure 6.5 shows that the characteristics of a cone 
made of discrete wires are similar to those of a cone made 
of a continuous sheet of metal. There are however, notices 
able differences. Both reflection coefficients exhibit 
similar fluctuations with frequency, but that of the wire 
cone is slightly higher than that of the sheet cone. How-~ 
ever, for both cones |p(f)| is less than 0.33 above about 
100 MHz, which means that both cones are good wideband 
antennas®, Notice that the leading edge of the reflection 
of the test pulse from the rim of the wire cone has a faster 
" pisetime and a higher amplitude than has the corresponding 
part of the reflection from the rim of the sheet cone. This 
indicates that the high frequency components in its spectrum 
are of greater amplitude; hence its higher reflection 
coefficient. There are small reflections from the base of 
each cone, and because of this some multiple reflections are 
evident. The match could have been improved with a vertical 
adjustment of the cones. Ross et al. (1966a) reduced the 
wer laetion by Hadustine bho vertical hotony-oF tne-cone cay 
fitting thin washers under the mounting screw. This was not 
attempted because the reflection was already small, and the 
cones were heavy so that the risk of breaking the small 
mounting screw was great. Notice that for the sheet metal 


cone there are only reflections from the base and the rim 


Pl sleoss corresponds to a VSWR of 2. HF and VHF radio 
transmitters are usually designed to operate with antennas 
whose VSWR < 2. 
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put there is a continuous low ampltiude reflection from the 
whole length of the wire cone. This means that the charac- 
teristic impedance is not constant, but increases (because 
the reflection is positive) as the distance from the driving 
point increases. This agrees with Schelkunoff's theory (see 
section 6.2.1). Notice also that there is a small negative 
reflection, which indicates a lowering of the characteristic 
impedance, from the region near the ends of the wires. This 
is similar to the end effect which is known to occur for 
cylindrical antennas (Jordan and Balmain 1968, p494). 

It is seen in Fig. 6.6(a) that there is a significant 
reflection from the base of the 7.6 cm slant height cone. 
- This cone was carefully constructed so that its apex was in 
the plane of the ground plane, which means that the only 
discontinuity is the abrupt change at the junction of the 
coaxial line and the cone. . The discontinuity is large. 
enough (the diameter of the oaian line is one sixth the 
slant height of the cone) to give a significant reflection, 
and |p(f)| shows that this cone is not as well matched as 
the larger sheet metal cone (although the match is still 
acceptable above about 1 GHz). 2(f) (shown in Fig. 6.6(c)) 
exhibits the same behaviour as the theoretical input imped- 
ance calculated by Papas and King (1949). 

When the phase correcting lens is introduced into the 
aperture of the cone there is a strong reflection from the 
inner surface of the lens. This is seen in Fig. 6.7(a), 
‘where v(t) exhibits a negative reflection (because the 
intrinsic impedance of the lens’ material is lower than that 


of air) corresponding to the arrival time of the test pulse 
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at’ the inner surface of the lens. Inspection of p(f) shows 
that the lens spoils the match although it is still within 
the acceptable limit (VSWR = 2) above 1 GHz. Notice that 
Z(f) remains inductive above 600 MHz when the lens is intro- 
duced. Possible means of improving the match are discussed 


later in chapter 10. 


6.4.2 Fan Monopoles 


6.4.2.1 Reflected Pulse Responses 
6.4.2.1.1 Sheet metal fans 


The measured values of Z (which is equal to the 
characteristic impedance): agree, within experimental error, 
with the values obtained theoretically by Carrel (1958) and 
Hall (1971). These theories are thus verified. The curve 
presented in Fig. 6.9 can be used to choose an optimum fan 
to match a given transmission line, just.as eqn(6-1) is used 
for a cone. 

The similarity between the signals reflected from a 7 
sheet metal fan and a cone with a smaller flare angle than 
the fan, predicted in section 6.2.2, is shown in Fig. 6.10 
where the narrow pulse responses of the circular ended sheet 
fans are shown with the narrow pulse responses of mismatched 
cones. The cone responses are reproduced from Ross et al. 
-(1966a). There is a greater similarity between the cones 
and the circular ended fans than there is between the cones 
and the straight ended fans (see Figs 6.8(c) and 6.8(d)). 
This is because large currents flow along the end of the 
straight ended fan because the end does not coincide with 
the wavefront of the current pulse (remember that no current 


flows around the rim of the cone), 
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6.4.2.1.2 Wire fans 


It is shown in Fig. 6.9 that Z for a 6 wire fan is 


higher than Z, for a sheet metal fan of the same flare angle, 


but the difference decreases as the flare angle decreases. 
This is because the angular spacing of the wires is also 


decreasing so that the characteristics of the wire fan tend 


‘towards those of the sheet metal fan, in agreement with the 


basic considerations presented in section 6.2.2. 

The value of 2. for an antenna depends on the character- 
istics of the antenna near its base. In ssction 5.4.2 it is 
demonstrated that Ze for a cylindrical monopole is a strong 


function of the shape of the pulse, because the character- 


-istics of the monopole near its base are frequency dependent. 


For the cone and sheet metal fan 25 is simply equal to the 
characteristic impedance Z), which is resistive and frequency 
independent. Hence Z., is independent of the pulse shape. 
It was observed in section 6.4.3 that the measured values of 
Z, for the 6 wire fans were the same (as far as could be 
detected) for the two different test pulses used Crerent 
however that some distortion was perceptible on the reflect- 
ion of the 1 ns pulse when 9 was 80°). This means that the 
properties of the base region of the 6 wire fans are approx- 
imately independent of frequency for the range of frequencies 
in the spectra of the test pulses used (up to a few GHz). 
Thus Fig. 6.9 can be used to choose an optimum 6 wire fan to 
match a given transmission line, just as eqn(6-1) is used 
for a cone. 

The leading edge of the reflection of the test pulse 
from the end of the wire fans has a higher amplitude and a 


faster risetime than has the corresponding part of the 
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reflection from the end of the sheet fans (e.g. compare v(t) 
in Figs 6.8(f) and 6.8(h) with v(t) in Fig. 6.8(b), 
remembering that the reflection from the base of a wire fan 
is stronger than that from the base of a sheet fan). This 
effect was also noticed in the reflection from the rim of 
the wire cone (section 6.4.1), but its effect there was not 
as pronounced. Notice that the strength of the initial 
reflection increases as the distance between the tips of the 
wires increases (e.g. it is higher for a 6 wire, 90° flare 
angle than it is for a 6 wire, 60° flare angle fan). Notice 
also that for a fan with an end wire this initial reflection 
is unaltered in shape, but is delayed approximately by the 
_ time required for the current pulse to travel along the end 
wire between two adjacent radial wires. A small negative 
reflection which corresponds in time to the instant at which 
the pulse arrives at the end wire is also observed. A wire 
fan with an end wire appears to be longer than the same fan 
without an end wire, and a wire fan with an end wire appears 
to be the same length as a sheet metal fan with the same 
overall dimensions. Thus an end wire is desirable on a wire 
fan hedanwe it increases the electrical length of a fan of a 
given physical length. 
6.4.2.2 Frequency responses 
6.4.2.2.1 Sheet metal fans 

The agreement between the measurements reported by Brown 
and Woodward (1952) and those reported here (see Fig. 6.8(c) 
and 6.8(d)) is good. However, there appears to be a slight 
error in the calibration of the frequency scales. This 


could have been caused by a drift in the time calibration of 


126 


the sampling oscilloscope. Notice however that the frequen- 


cy calibration error is greater at low frequencies than it 


is near 800 MHz (the frequency of the second resonance 


agrees exactly with Brown and Woodward's measurement but the 
first and second resonant frequencies do not). This suggests 
that the measurement method used by Brown and Woodward 
introduces errors when the electrical length of the fan is 
small. They made their measurements at a constant. frequency 
of 500 MHz by varying the electrical length of the fans, 
which were mounted on a ground plane 2.45 m (ive: four wave- 
lengths) in diameter (it would have been better if it had 
been square; Kraus 1950, section 15-7). The outer diameter 
of the 50 obm coaxial line which fed the fans was 0.75 cm. 
An antenna with an electrical length of 20° at 500 MHz is 
4.43 cm long, which is only 4.4 times the diameter of the 
coaxial line. The base discontinuity has an appreciabl’e 
effect on the characteristics of a small antenna, as was 
illustrated in section 6.4.1. _ | | 

Z(f) for the sheet metal fans with straight ends (Figs 
6.8(c) and 6.8(d)) exhibits similar behaviour to Z2(f) for 
the circular ended fans (Figa 6.8(a) and 6.8(b) respectively) 
except that the resonant and antiresonant frequencies are 
slightly higher for the straight ended fan than for the 
corresponding circular ended fan. For a .90° flare angle, 
the vertical height of the circular fan is 40% greater than 


the vertical height of the straight ended fan, but the reson- 


‘ant frequency has only dropped by 17%. Thus the resonant 


frequency is a function both of the vertical height and the 


shape of the fan. However, the input impedance at resonance 
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depends mainly on the flare angle (it is about 21 ohms for 
the 60° fans and 16 ohms for the 90° fans). | 

Voltage standing wave ratios for fan dipoles, calculat- 
ed from the results shown in Fig. 6.8, are presented in 
Fig. 6.11 for several feedline impedances. The match is 
seen to be optimum when the feedline ieeanes is selected 
from Fig. 6.9. Wide bandwidths (> 2.6:1) are achieved with 
sheet metal fans. 
6.4.2.2.2 Wire fans 

The 6 wire fans exhibit greater variations of impedance 
with changing frequency ie the corresponding sheet metal 
fans (compare Figs 6.8(a) to 6.8(d) with Figs 6.8(e) to 
. 6.8(1)), in agreement with the basic considerations presented 
in section 6.2.2. Thus the wire fans are not as well matched 
as a sheet metal fan (see Fig. 6.11). Some trends are 
noticeable in the characteristics of the different shapes of 
wire fan. These trends also apply to the characteristics of 
the 5 wire fans which are presented in a separate report 
(Burrell, 1972). | 

1) The 5 wire fans have higher resonant and antiresonant 
frequencies, and have higher impedances at antiresonance, 
than the 6 wire fans. 

2) Fitting an end wire to a fan lowers its resonant and 
antiresonant frequencies. | 

4) A straight ended fan has higher resonant and anti- 
resonant frequencies than the corresponding circular ended 
fan. For fans with end wires, the straight ended fans have 
higher angheecouent impedances than the corresponding 
circular ended fans. For fans without end wires, the 


straight ended fans have lower antiresonant impedances than 
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the corresponding circular ended fans. 

4) The 90° flare angle fans with circular ends have 
lower resonant and antiresonant frequencies, and lower anti- 
resonant impedances, than the corresponding 60° fans. The 
90° flare angle fans with straight ends have higher resonant 
and antiresonant frequencies than the 60° straight ended 
fans. Thus the resonant and antiresonant frequencies are 
dependent both on the vertical height, the flare angle, and 


the number of wires in the fan. 


6.5 A SUGGESTION FOR FURTHER WORK 

The graphs of resistance and reactance of continuous 
_ sheet fans for a wide range of flare angles published by 
Brown and Woodward (1952) are valuable design data for 
antenna engineers. When large fans are required they must 
be made from wires. Consequently a comprehensive set of 
design data for wire fans would be invaluable. Measurements 
should cover a wide range of flare angles and wire numbers 
from 2 to about 15. The measurement method described in 


this thesis makes such a task feasible. 
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FIGURE 6.1:CRO55-SECTION OF CONICAL MONOPOLE 
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FIGURE @.2: THEORETICAL IMPULSE RESPONSE OF 500hm CONICAL 
MONOPOLE (reproduced From Ross etal, 19@Ga), 


26 = FLARE ANGLE 
L = SLANT HEIGHT 


a | 130 


( 
GROUND GROUND | 
PLANE PLANE 
COAXIAL LINE COAXIAL LINE 


(a) FAN WITH CIRCULAR END (b) FAN WITH STRAIGHT END. 


FIGURE ©.2: GEOMETRY OF SHEET METAL FAN MONOPOLES 


(a) CIRCULAR END, NO END WIRE (b) CIRCULAR END, WITH END WIRE. 
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(c) STRAIGHT END, NO END WIRE (d) STRAIGHT END, WITH END WIRE 
0-18 mm DIA WIRES 
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FIGURE @4: FAN MONOPOLES CONSTRUCTED FROM G@ WIRES. 
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(b) REFLECTION COEFFICIENTS. 


FIGURE @.5: DRIVING POINT RESPONSES OF 0.11 METRE SLANT 
HEIGHT 50chm CONICAL MONOPOLES 
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Figure 6.6: RESPONSES OF 7.6cm SLANT HEIGHT 50 OHM CONE ~ 
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Figure 6.8: RESPONSES OF SHEET METAL FAN MONOPOLES. a. 
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CHAPTER 7: SOME WIDEBAND WIRE ANTENNAS FOR AF 


-27.1 INTRODUCTION 

The operating frequency of high frequency (HF) band 
radio-telephone services between two points on the earth's 
surface which are separated by several hundred miles must be 
changed several times @uring the day to take advantage of 
changing propagation conditions’. The frequencies used may 
span a 4:1 range. Wideband antennas must be used if switch- 
ing between a number of single frequency antemnas (e.g. 
dipoles) is to be agen iea: Also, occasional changes in 
frequency allocations often results in the single frequency 
~ antennas being used at frequencies well removed from their 
design Preguens isn: 

Radio-telephone services are generally used for 
communicating with geographically isolated settlements. 
Violent storms and icing are often experienced. Reliability 
is essential so that the antennas must be steouely construct 
ed to withstand severe weather conditions. A mechanically 
simple antenna is desirable because it is cheaper to 
cénatruce and is more reliable. In New Zealand the distance 
between the stations is seldom more than 500 miles, so that 
a minimum radiation angle of about 30° above the horizontal 
is required. Horizontal polarisation is used. For safe 
operation of the transmitter the VSWR on the feedline should 
be less than 2. 

A rhombic antenna (Schelkunoff and Friis 1952, chapter 
14) has about a 3:1 bandwidth but is physically large, 


requires four poles, and has a radiation angle of about 10°. 


Itne HF band is 3-30 MHz. 
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There is also a power iege in the terminating resistance. 

A simple travelling wave antenna, called a Delta 
antenna, operates over a 25:1 bandwidth (Cones et al., 1950). 
“Honeyew: because it was developed for ionospheric studies its 
radiation is-directed essentially vertically and it is un- 
suitable for a radio telephone service. 

A wide angle biconical dipole has a nearly constant in- 
put impedance over a wide bandwidth (see chapter 6) but it 
would be awkward to support if it was constructed large 
enough to operate in the HF band. However, vertically 
polarised wire conical monopoles with conical caps have been 
used at HF (Mason, 1963). 

Frequency independent antennas based on the principle 
first suggested by Rumsey (1957), and experimentally 
developed by Dyson (1959a; 1959b) are also impractical 
because they would be awkward to support if constructed 
large enough to operate in the HF band. However, log- 
periodic antennas (Du Hamel and Isbell 1957, Jordan and 
Balmain 1968, chapter 15) can be built for the HF band. Log- 
periodic antennas can be designed to have specified band- 
widths, specified vertical radiation angles (which are 
frequency independent), and about 13 dB of directivity 
relative to a dipole (Jasik 1961, section 18.5). However, 
they are mechanically complex which means that they are 
expensive to erect and their reliability is reduced. Tall 


and therefore costly poles are required*. 


“e.g. for the log-periodic specified in Jasik (1961), the 
poles are 1.1A high at the lowest design frequency. Thus 
for a lower limit of 5 MHz the poles need to be 67 m high. 
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A bandwidth of about 1.4:1 has been obtained from 4- 
wire fan antennas mounted on aircraft (Meir, 1945) a from 
vertical 2-wire fan monopoles used for euendese cae (Brown- 

less, 1955). The virtue of the fan antenna is its mechanic- 
al simplicity. In the last chapter measurements were made 
on some VHF fan monopoles made of wires. In this nantes 
-the HF wire fan antenna is developed further by inferring 
the input impedance from measurements made on scale models 
using the experimental method described in Part I of this 
thesis. A discussion and bibliography of scale modelling 
techniques is given by LEEE (1965, section 1.7). 

It is difficult to achieve perfect scaling, especially 
with such items as transmission lines and screw fastenings. 
It is impossible to scale the conductivity of the conductors. 
These disparities affect the input impedance much more than 
the radiation pattern. In particular, the input impedance 
td greatly affected by the dimensions of the region where 
the transmission line terminates at the ground plane (Brown 
and Woodward, 1945). It is wise then to regard measurements 
of the input impedance of scaled models as being primarily 
qualitative in nature, and to use them only to determine the 
general trends of the impedance of HF antennas. In this 
chapter a direct comparison is made between the measured 
input impedance of an HF fan antenna and a 1/50th size scale 
model. Differences of up to 40% are observed. The reasons 
for the differences are explained. | 

A fan antenna made from a continuous sheet of flat 
metal can be matched to its feedline over more than an 


octave bandwidth (see chapter 6). It was also shown in 
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chapter 6 that the variations in impedance with frequency 
when the fan is made from wires are greater than those of a 
sheet metal fan. In this chapter it is shown that these 
variations are reduced if the fan is made asymmetrical about 
its axis. Measurements have pace made on a number of 
asymmetrical fan monopoles, and these are reported in this 
chapter. The shapes of all the antennas tested were such 
that they could be supported by only two poles if they were 
constructed to operate in the HF band. 

At HF it is impractical to mount an antenna so far 
above the earth that the mutual coupling between the antenna 
and its image in the earth can be neglected. It is also 
- impractical to accurately scale the highly variable and 
sometimes unknown properties of the soil (IEEE 1965, section 
1.7). Since it represents a worst case (maximum mutual 
coupling) the earth was modelied by an aluminium sheet which 
was placed at right angles to the ground plane on which the 
antennas under test were mounted. ‘Two preliminary designs 
of HF fan dipoles were constructed. The measured input 
impedances of these antennas are presented in this chapter. 
A bandwidth of 5:1 is obtained. 

The criterion used for the acceptance of the antennas 
in this chapter is the VSWR on the feedline. The vertical 
radiation angle is also important, but it depends upon the 
height of the antenna above the earth in wavelengths, and 
' the conductivity of the soil (Jordan and Balmain 1968, 
sections 11.09, 16.02). 

The vertical radiation pattern changes with frequency 


and is multilobed when the phase centre of the antenna is 
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greater than a half wavelength above the earth. This 
problem is, however, common to most antennas which are 
mounted above the erouad: The variations of the radiation 
pattern with elevation angle can only be reduced by using 
highly directive arrays such as the log-periodic array 


described above. 


7.2 THE ASYMMETRICAL TRIANGULAR FAN 

The geometry of the asymmetrical triangular fan mono- 
pole is shown in Fig. 7.1. Measurements were made only for 
the two special cases in which the triangle is isosceles. 
These are when 0, = OQ = 45° which is designated the A type, 
' and when 04 = 45° and O85 = 90° which is designated the B 
type. The vertical height is L. An asymmetrical fan made 
of wires is shown in Fig. 7.2. The way in which the wire 
antennas are identified is illustrated with some examples. 
An ASE antenna is type A, made from three wires, with an end 
wire (such as the one pictured in Fig. 7.2). An A5 fan is 


type A, made from 5 wires, without an end wire. 


7.c.1 Scale Model Measurements 

With the exception of the aluminium sheet used to model 
the earth, the experimental and computational procedures 
used for these measurements were the same as those used for 
the measurements reported in section 6.4.3. The aluminium 
sheet measured 0.92 m by 1.22 m. It was mounted at right 
angles to, and with its longer side contacting the ground 
plane on which the antennas under test were mounted (see 


Fig. 7.1). The distance between the antenna axis and the 
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earth plane is denoted h. For most of the measurements h 
was 40.5 ecm. The A fans were all constructed with h = 
30.5 cm and the B fans with h = 21.55 cm (the slant height 
te then 40.5 cm so that a B fan is equivalent to an A fan 
rotated through 45°). 

Reflection coefficients and input impedances were com- 
puted from measured signals from A and B fans. The fans 
were made from tin plated steel sheet (0.34 mm thick), and 
were measured both with and without the earth plane. The 
results are shown in Figs 7.3(a) to 7.3(d). Compare these 
results with those for the symmetrical sheet fans shown in 
Figs 6.8(a) to 6.8(d). The antiresonant annedanes is higher 
_ but the second resonance (which occurs at about 700 MHz) has 
become very indistinct. Another important point is that the 
earth plane reduces the variations of impedance with frequency 
(for the A fan measured with the earth plane the impedance 
is nearly constant from 300 MHz to 800 MHz), so that this 
geometry of antenna is potentially useful in the HF band 
where it is impractical to mount an antenna many wavelengths 
above the ground. The low VSWR of the A and B type dipoles 
ae shown in Fig. 7.4 for two feedline impedances. Notice 
that for both antennas the lower frequency limit is reduced 
by the presence of the earth plane, and that the A-type is 
better matched than the B type. Also, wire A antennas (see 
Fig. 7.2) are simpler to erect if made large enough to 
operate in the HF band. Conacquentis development centred on 
the A type. 

Reflection coefficients and input impedances were con- 


puted from measured signals from wire A type antennas. In 
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section 6.4.2.1.2 it was shown that the electrical length of 
a wire fan is increased (hence lowering its frequency band 
of operation) by fitting an end wire. Consequently the 
Anveeclestton was mainly limited to fans with end wires. The 
measurements for AZE, A4E, ADE and A6E antennas with'h = 
30.5 cm (see Fig. 7.2) are shown in Figs 7.5(a) to 7.5(a). 
The effect of reducing h for the A5E antenna is shown in Fig. 
7.6. Fig. 7.7 shows the measured characteristics of an A6E 
antenna without the earth plane and an AZ antenna for h = 
30.5 cm. VSWR plots (calculated from the computed Soeuiee) 
for the wire antennas ae shown in Fig. 7.8. 

The most prominent characteristic of the A3 antenna 
.. (see Fig. 7.7(b)) is that the measurable duration of v(t) is 
longer than the measurement interval, which was 29.5 ns. The 
measurable duration of v(t) for this antenna could not be 
determined because the viewing window of the measurement 
apparatus was set at 30 ns (see aeeuton 3.2). Notice that. 
the tail of v(t) is approximately a 300 MHz sinusoid. This 
means that o(f) and Z(f) are frequency sensitive in the 
vicinity of 300 MHz (an extended pulse response indicates a 
eneaueney sensitive frequency response): this is observed 
in Figs 7.7(b) and 7.8(h). Also, because v(t) was truncated, 
significant errors can be expected in the computed: p(f) and 
Z(f£), especially near 300 MHz. The extra truncation intro- 
duced by the data window (see Appendix 4) also contributes 
to this error. Consequently the rapid fluctuations in o(f) 
and Z(f) near 300 MHz will actually be more severe than 
indicated in Fig. 7,7(b). The frequency sensitivity 


@isappears when an end wire is fitted (see Fig. 7.5(a)). Thus 
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end wires are essential on asymmetrical wire fans. It is 
interesting to note that the characteristics of the A4 fan 
are more frequency sensitive than the characteristics of the 
thin monopole shown in Figs 2.5 and 2.6. Some frequency 
sensitivity around 300 MHz is also noticed for symmetrical 
wire fans without end wires, see e.g. Fig. 6.11(f). 

The characteristics of the asymmetrical wire fans (see 
Fig. 7.5) exhibit a particularly interesting behaviour when 
compared to the characteristics of the symmetrical wire fans 
presented earlier in chapter 6. Instead of exhibiting 
distinct antiresonances, the input impedance of the asymmet-— 
rical wire fans oscillates about some mean value. For the 
‘ ASE and the AGE the mean is about 175 ohms. For this reason 
the asymmetrical wire fans can be matched over more than 
2.5:1 bandwidths (see Figs 7.8(c) and 7.8(d)). The second 
resonance (at about 700 MHz) is more distinct than it is for 
the sheet metal fan (see Fig. 7.3(b)) but it still does not 
spoil the match. Figs 7.7(a) and 7,8(g) demonstrate that 
removing the earth plane spoils the match. As h is reduced, 
a peak appears in the input impedance at 380 MHz (see Fig. 
26% This spoils the match at low frequencies (see Figs 
7.8(e) and 7.8(f)). However, there is a slight improvement 
at about 600 MHz (see Figs 7.8(c) and 7.8(e)) The conclusion 
is that the optimum value of h is slightly less than 30.5 cm 


for the wire fans. 


7.2.2 An HF Asymmetrical Triangular Fan Dipole 


An ASE dipole was constructed to the dimensions shown 
in Fig. 7.9, which are 50 times the dimensions of the model. 


The height of the masts corresponded to an h of 30.5 cm in 
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the model, so that, after allowing for some sag, the average 
height of the antenna was about optimum. A length (about 
18 m) of low loss, nominal 400 ohm TV antenna feedline was 
connected to the centre of the dipole’. Measurements were 
made of the impedance at the end of the feedline with a 
Wayne-Kerr VHF admittance bridge, aia dhe antenna input 
impedance was calculated using the lossless transmission line 
equation (Jordan and Balmain 1968, section 7.15). The 
electrical length of the feedline was determined by short 
circuiting the far end and measuring the frequency at which 
its input admittance was zero (as measured on the bridge). 
This corresponds to an electrical length of an odd multiple 
. of 4/4, and the ambiguity was resolved by calculating the 
approxinate electrical length from the physical length by 
assuming a velocity factor of 0.88. The feedline used was a 
wavelength long at 14.0 MHz. The characteristic impedance, 
determined from open and short circuit measurements, was 
. 320 ohms. 
The criterion for accepting or rejecting the antenna 

was whether the VSWR is less than, or greater than 2. 
Standard 400 ohm TV feedline has a loss of 0.14 dB/40 m at 

1 MHz and 0.44 dB/30 m at 10 MHz. For an 18 m length at a 
frequency of 10 MHz, a VSWR of 2 at the antenna would be 
measured as 1.91, and a VSWR of 4 at ‘the antenna would be 
‘measured as 4.6. Thus the error increases with VSWR. The 
scale model measurements indicate that a feedline of about 


300 ohms will give the best match (see Figs 7.8(c) and 


Se RR 


Low loss 300 ohm feedline is perforated so that most of the 
plastic dielectric separating the conductors is removed. 
This also causes an increase in the characteristic impedance. 
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7.8(e)), which means that the measurement error caused by 
neglecting the feedline loss is a minimum when the measure- 
ments are made using 4300 ohm feedline. Also the error will 
“be smaller than indicated because the feedline used had lower 
loss than the standard feedline (although no specification 
could be found). Consequently the feedline loss was 
neglected. 

The measured input impedance (plotted on a resistance- 
reactance diagram) is shown in Figs 7.10(a) and 7.10(b). The 
circle for a VSWR of 2 on a 400 ohm feedline is superimposed 
(the VSWR is less than 2 for all the frequencies for which 
the input impedance lies within the circle; Reich 1947, 

_ chap. 3). The VSWR calculated from the measured input 
impedance is also plotted in Fig. 7.10(b). Comparisor. with 
Fig. 7.8(c) shows that the match is not as good as that of 
the model, although the VSWR is less than 2.4 from 7 MHz to 
24 MHz. 


7.2.3 Comparison of Measured Input Impedances of HF Dipole 


and Scale Model Monopole 
The measured input impedances of the HF AD5E dipole and 


the scale model ASE monopole (for h = 30.5 cm) are shown 
superimposed in Fig. 7.11. The agreement is reasonably good 
(about 10%) when |Z(f)| is less than 150 aes. with the 
exception of phase errors of about 40° above 700 MHz. 
Significant differences (up to 40%) are observed when |Z(f) | 
is large, although the shapes of the impedance/frequency 
characteristics are the same. The differences are more than 
can be expected from errors in the computed p(f), e.g. if. 


e(f) is real and equal to 0.65 (giving Z(f) = 236 ohms), then 
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a 4% error in p(f) (see section 6.3.4) only causes a 10% 
‘error in Z(f). 

There are three main reasons for the differences. The 
first is the effect of base capacitance on the model measure- 
ments. The length of the model fans were only 24 times the 
outer diameter of the coaxial line which fed them, so that 
the driving point dimensions cannot be ignored (Brown and 
Woodward, 1945). From experimental data, King (1955; 1965, 
section 5-22) infers values for an end correction (shunting) 
capacitance for thin (a < 4/250) cylindrical monopoles 
driven from coaxial lines. The value of the capacitance 
depends upon the coaxial line gap b-a, and upon the ratio 
pb/a. The effect of this shunting capacitance is greatest 
when |Z(f£)| is large, in agreement with the observed differ- 
ences in Fig. 7.117. An improvement could have been made by 
reducing the diameter of the sections of coaxial line which 
fed the model antennas, but then it would have been difficult 
to manufacture the test antennas. Also the HF dipole is fed 
by a two wire transmission line. Strict observation of 
scaling demands that the model be fed by a single wire (above 
the image plane). It would be difficult to arrange a 
reflection free junction between a single wire transmission 
line and a coaxial line. 

The second reason is that the diameter of the wires 
from which the models were made was not scaled exactly. 
Experiments conducted recently by Sharp and Tanner (1969) on 
scaled log-periodic antennas show that incorrect scaling of 
the wire diameter (by 200 times) causes large errors in the 


current distribution (and hence in the input impedance) and 
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in the radiation pattern. It was not possible to scale the 
wire diameter exactly and have a self-supporting model 
(exact scaling demands 0.066 mm diameter wire). Consequent-— 
aes the fan length to wire diameter ratio is smaller (11 
times) for the model than for the HF dipole. This reduces 
the input impedance at antiresonance (cf. the monopole, for 
which the input impedance at resonance is a strong function 
of the length/diameter ratio; Jordan and Balmain 1968, 
pp566-567). Thus the errors due to thicker wires and the 
increased base capacitance tend to add. 

The third reason io thet the aluminium sheet represent- 
ing the earth for the model antennas is not an accurate 
representation of the true earth. The effect of the imper- 
fect earth is unknown, but it is reasonable to expect the 
Mismac erates of the antenna near an imperfect earth to 
lie somewhere between those with no earth and those with a 
perfect earth. The phase/frequency characteristics of the 
input impedances shown in Figs 7.5(d) and 7.7(a) indicate | 
that removing the earth plane increases the phase angle. 
Thus the phase differences observed in Fig. 7.11 can be (at 
teant partly) attributed to the imperfect earth. 

Fig. 7.11 shows that the scale models cannot be used to 
accurately predict the input impedance of an HF antenna. 
However, the shape of the impedance/frequency characteristics 
are the same so that the model measurements are useful for 
determining trends in the input impedance. Also, the full 
‘scale version of the model is a satisfactory HF antenna. 
Consequently, the short pulse model measurement technique 
introduced in this thesis has been shown to have practical 


value. 
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7.3 THE FOLDED SQUARE FAN 


An improved match was sought by adding a second fan in 
such a way that the antenna is a square fan folded about its 
axis to include an angle 24. This antenna is designated the 


CASE, and its geometry is shown in Fig. 7.12. 


7.4.1 Scale Model Measurements 

Reflection coefficients and input impedances were com- 
puted from measured signals from a 2A5E antenna for h = 40.5 
em, 25.4 cm and 20.3 cm. The apex angle ey was 45°, The 
results are shown in Fig. 7.14%. The second fanenestis 
reduces the fluctuations of input impedance with frequency 


(e.g. compare Fig. 7.13(a) to Fig. 7.5(c)). The optimum 


“ walue of his the same as for the’A5E antenna. It is inter- 


esting to note that the characteristics of this configurat- 
ion of wire fan roughly approximate those of the A type 


sheet metal fan (Fig. 7.3(b)). 


7.3.c An HF Folded Square Fan 

The HF ASE antenna shown in Fig. 7.9 was converted into 
a 2ASE, and the apex angle of 45° was obtained by placing 
anchor posts 6.3 m either side of the centre line (-a 
straight line between the two masts). The input impedance 
(measured using the method described in section 7.2.2) is 
plotted on a resistance-reactance diagram in Figs 7.14(a) 
and 7.14(b). The circle for a VSWR of 2 on a 300 obm feed- 
line is superimposed. The VSWR calculated from the aeaaued 
input impedance for a 300 ohm feedline is also plotted in 
Fig. 7.14(b), and a 2.8:1 bandwidth is obtained (7.5 MHz - 
21 MHz). | 


ee, 


The input impedance of this antenna is predominantly 
inductive, and the match can be improved by adding series 
capacitive reactance. Following the matching procedures 
described by Reich (1947, chapter 3) the optimum match shown 
in Fig. 7.15 was obtained with a series capacitor of ‘140 pf’. 


The bandwidth exceeds 5:1. 


7.4 FURTHER DEVELOPMENTS 

The results presented in this chapter demonstrate that 
horizontal wire fan dipoles are potentially good wideband HF 
antennas. However, the investigation reported in this chap- 
ter was restricted to two specific values of 8, and 95 and 
. to one value of y The numbers of wires from which the 
fans were made ‘also occupied « restricted range. The perfor- 
mance of the HF dipole might be improved by varying the fan 
angles, the number of wires, and the angles between the 
wires. Also, satisfactory performance might be obtained from 
a fan contained in a single plane if enough wires are used. 
A disadvantage of the particular geometry of antenna 
presented in this chapter is that the masts need to be 
spaced about 30% greater than the antenna length so that the 
antenna can be rigged properly. A modification to the 
geometry is necessary to utilise the mast spacing more 
efficiently. A comprehensive experimental investigation 
using scale models would enable the design to be optimised. 
The experimental technique developed in this thesis is ideal 
Ty practice two 260 pf capacitors (one connected in series 

with each side of the feedline) would have to be used to 


preserve symmetry, hence preventing out-of-balance currents 
flowing on the feedline. 
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for this purpose. In any further investigation however, the 
dimensions of the coaxial line feeding the model antennas — 
should be reduced. Also, the models should be made of 
thinner wires so that the scaling conditions are more close- 
ly approximated, provided that it is found that (to provide 
proper mechanical support) thin wires glued to foam poly- 
styrene (which has a dielectric constant very near to that 
of air) are electromagnetically equivalent to thin wires in 
air (it is doubtful if this can be assumed from existing 


knowledge without further experiment). 
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FIGURE 17-4: VSWR FOR ASYMMETRICAL SHEET METAL FAN DIPOLES 
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CHAPTER 8: THE FAITHFUL TRANSMISSION OF VERY WIDE 
BANDWIDTH SIGNALS 


8.1 INTRODUCTION 

| Suppose that it is desired to obtain faithful radio 
transmission of a signal having a bandwidth of an octave or 
more. Even neglecting the vagaries of the propagation path 
between the transmitting and receiving antennas, the 
desired result cannot be achieved with existing antenna 
designs, unless complicated compensating filters are insert- 
ed in the transmission lines feeding the antennas. The 


discussion in section 8.2 indicates the magnitude of the 


- problem. The mathematical description of wideband radiation 


is extremely complicated, and it has not been found profit- 
able to proceed much beyond basic theoretical considerations) 
of the kind outlined in section 8.3, and section 8.4 dis- 


cusses suitable types of antenna. 


8.2 GENERAL THEORETICAL CONSIDERATIONS 

An efficient antenna system must consist of individual 
antennas which are properly matched to their feedlines. 
There are two ways in which a radiating element can be 
matched. These can be seen by considering the behaviour of 
the radiating element on transmission: 

1) The reflections from the driving point and the 
various physical aisebntinareics on the element are made to 
cancel in the transmission line which feeds the element (a 
dipole is the simplest example of this). 


2) The element is constructed so that there is a smooth 
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transition from the feedline into free space. Consequently | 
only outward travelling waves exist on the antenna when it 
ee transmitting (a horn ig the simplest example of this). 
Narrow band antennas are usually matched by the first 
method. The way in which a resonant dipole is matched to its 
feedline for monochromatic excitation is illustrated by Ross 
(1966c). Wideband antennas can be matched by both the above 
methods because the first method can be made effective over 
a wide frequency range’. A thick dipole is an example of a 
wideband antenna which is matched by the first method. 


When very wide bandwidth signals, which necessarily 


possess the character of transients, are transmitted then 


-- the first method of obtaining a match cannot be used because 


it will be impossible to cancel the first reflection from 
the driving point. 1t follows then that travelling wave 
antennas must be used. Horns and spirals are examples of 
radiating elements which support ‘only outward travelling 
waves during transmission, Now the faithful transmission of 
signals depends on the antenna system having a flat amplitude 
response and a linear phase response. A transmitting horn 
has a nearly linear phase mesponde over a wide bandwidth but 
its amplitude response is not flat because its radiation 
pattern varies rapidly with frequency (Schelkunoff and Friis 
1952, chapter 16). A spiral radiating element (Dyson, 1959a, 
1959b) has a nearly flat amplitude response but its phase 


response is not linear because the effective phase centre of 


4 : F : 

The term wideband is commonly used to mean an antenna which 
can transmit (or receive) a narrow band signal whose centre 
frequency may be anywhere within the passband of the antenna. 
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the radiation changes position rapidly with frequency 
(Pulfer 1961; Collin and Zucker 1969, section 22.5). 

The problem is complicated further by differences 
“between transmission and reception. An essentially spheric- 
al wave is transmitted while the receiving antenna is 
illuminated by a wave which is essentially plane. Thus, for 
frequencies above that for which the smallest linear 
dimension of the physical aperture of a horn is about half a 
wavelength, the effective aperture of the horn is nearly 
constant so that the amplitude response of the horn is flat 
on reception. This AeA nine does not contravene reciproc- 
ity, but follows necessarily from it, as is demonstrated in 
_ the next section. 

A time domain criterion for the design of elements for 
faithfully transmitting and receiving transients has been 
suggested by Ross (1968). The criterion states that the 
impulse response (the inverse Fourier transform of T(f) or 
R(f)) shall be time-limited. The distortion introduced by 
the antenna then cannot exceed the duration of the impulse 
response. The design objective is to make the impulse res- 
ponse short compared to the duration of the transient. 
Several elements for receiving transients with minimum dis- 
tortion have been designed and built on the basis of this 
criterion. Ross (1967a) limits the impulse response of a 
monopole by suppressing the reflection from the base. This 


is done by matching the surge impedance at the base with a 
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tapered line transformer®. Fenster and Ross (1968) suppress 
the reflection from the tip with a matched termination’. 

The duration of the impulse response of these elements is 
twice the propagation time of electromagnetic waves along 
the monopole. Thus, if a step modulated monochromatic wave 
is incident upon the monopole, and if the monopole is vr 
long at the frequency of the monochromatic wave, then the 
distortion of the received signal is limited to one half 
cycle. | 

The duration of the impulse response of an antenna is 
proportional to the size of the antenna (Polk, 1960). It 
follows that signals which have step changes in amplitude, 
- frequency, or phase can only be faithfully received (or 
transmitted) by infinitesimal antennas. Hence. signals 
containing step changes cannot be efficiently and faithfully 
transmitted. 

Earlier in this Heceien it was shown that travelling 
wave antennas must be used in a wideband transmission 
system. The impulse response of a travelling wave antenna 
is (approximately) time limited. Therefore Ross' criterion 
is satisfied. The transient receiving elements previously 
reported have effective apertures which are approximately 


constant over a wide frequency range (Ross 1967a, Ross 1968). 


the match is only approximate. Table 5.1 shows that the 
surge impedance is different for different shapes of input 
Signal. Therefore the match is optimum only for a specific 
input signal. Fig. 5.4 shows that the characteristics of 
the base region are frequency dependent. Thus the match is 
not perfect which means that the impulse response is not 
strictly time limited. The approximation is however good 
enough for most engineering applications. 


*The termination is described in section 4.4.3. 
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Thus they are faithful receivers, but are not faithful trans- 
mitters of transients. It follows that Ross' criterion is 
- necessary but not sufficient to characterise the antennas of 


a wideband transmission system. 


8.3 A DESIGN PRINCIPLE FOR A FAITHFUL TRANSMISSION SYSTEM 
Consider a pair of antennas, as in Fig. 8.1, the one at 
P transmitting a signal u(t) and the enone Q receiving. The 
signal observed at the terminals of the antenna at Q is v(t). 
Assume that the ‘two antennas are in their respective far 


fields and define: 


a = free space voltage attenuation factor for isotropic 


radiation from P to Q. 


G(f) 
A(f) 


gain of antenna P in direction of antenna Q. 


effective area of antenna Q in direction of antenna 


Il 


Py 
Recall that "gain' and "effective area" refer respective- 
ly to the power radiated and received by antennas. Thus: 


G(f) A(t) = |HC£) |@/0°. | (8-1) 


x 


so that the condition for faithful transmission is 
G(f) ACf) = K ; (8-2) 


where K is some constant. It is sony enr ent to appeal to 
reciprocity and make use of the well known connection (Kraus 
1950, section 3-12) between A(f) and the gain, denoted by 
ACf), of antenna Q in the direction of P. So eqn(8-2) 


becomes 
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G(f) ACf) = “tS £, | (8-3) 

Notice that eqn(8-3) implies that faithful transmission 
_is obtained if one antenna is a perforated horn or reflector 
having a gain constant with frequency (Rumsey 1957, Parker 
‘and Anderson 1957, Ferris and Zimmerman 1966) and the other 
antenna is a conventional horn having a gain proportional to 
e°, If the perforated horn is used for transmitting then the 
shape of the radiated field is also a replica of the trans-— 
mitted signal. In certain applications, such as a broadband 
bistatic radar, or communication between just two points, 
these two antennas might form an ideal pair. For a communic- 
ation system involving many arbitrarily placed antennas it is 
- convenient if they are all identical, in which case A(f) = 
G(f) so that eqn(8-3) gives 

G(f)«f | (8-4) 


8.4 SUITABLE TYPES OF ANTENNA 

The first thing to notice about egn(8-4) is that an 
antenna system poneteside of conventional horn antennas or 
parabolic reflector antennas will not transmit very wide 
bandwidth signals faithfully because their gains are pro- 
portional to r®, Antennas similar to the perforated horns 
suggested by Rumsey (1957) and Parker and Anderson (1957) , 
or the perforated reflectors suggested by Ferris and 
Zimmerman (1966) would be suitable provided they were fed by 
transmission lines supporting TEM modes. Neither single 
tube waveguides nor surface waveguides can be used because 
they are dispersive and distort transient signals (Elliot, 


1957). Dihedral horns (Schelkunoff and Friis 1952, p528) 


or rudimentary horns (Sengupta and Ferris, 1971) can be fed 
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conveniently by TEM transmission lines. Limited finance and 
experimented facilities made it impossible to investigate 
perforated horns, or perforated reflectors. None of the pulse 
peneuacons which were constructed could produce pulses with 
large energy above 1 GHz (see chapter 4), so that enormous 
horns or reflectors would have had to be constructed Go. be 
able to obtain meaningful experimental results. 

As shown in the previous section, antennas with radiat-— 
ion focussed in two perpendicular planes are not suitable. 
But consider an antenna which radiates isotropically in one 
plane and, in all perpendicular planes, radiates a beam with 
a width which is inversely proportional to frequency. Such 
. an antenna has a gain which satisfies eqn(8-4), by definition, 
and it is most easily realised if its radiating aperture is 
cylindrically symmetric. If the aperture dimension, parallel 
to the axis of symmetry, is somewhat greater than half a wave- 
length (quarter of a wavelength if the antenna is mounted 
above a ground plane) for all frequencies for which the 
spectrum of the transmitted signal has significant energy, 
then eqn(8-4) will be satisfied at least approximately if 
the radiation is focussed in all the planes containing the 
axis of symmetry. 

Suppose that one wishes to design a pair of identical 
antennas which will form a faithful transmission system 
between any two points on the earth's surface (assuming that 
the points are not so far separated so that “is excessive). 
It is clearly convenient if the antennas radiate isotropic-— 
ally in the horizontal plane. The conclusion eawn in the 
previous paragraph indicates that the radiation from the 


antennas must be focussed in all the vertical planes. 
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If the flare angle of a conical monopole is correctly 
chosen then the monopole will be well matched over a wide 
bandwidth and it will support virtually only outward travel- 
ling waves on transmission. But, the gain of the monopole 
will oscillate about a constant value for frequencies for 
which the vertical height of the cone is greater than a 
quarter wavelength, and assuming TEM wave excitation (Barrow 
et al., 1939). However, if the monopole is looked upon as a 
horn, and a cylindrical phase-correcting lens is inserted 
‘in its aperture, then for all frequencies above a particular 
frequency, the gain will be almost proportional to f as 
demanded by eqn(8-4). This is discussed further in 
chapter 9, in which a preliminary experimental evaluation of 


the concept is reported. 
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FIGURE 8:1: TRANSMITTING AND RECEIVING ANTENNAS. 
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CHAPTER 9: MEASURED RESPONSES 


9,1 INTRODUCTION 


To obtain a proper understanding of antenna behaviour 
it is necessary to be able to isolate the radiation from 


different parts of an antenna, as has been recognised before 


(Schmitt 1960, King and Schmitt 1962). The experimental 


technique described in Part I of this thesis permits the 
frequency response of the radiation from individual parts of 
an antenna to be obtained easily. To illustrate this, 
section 9.2 contains a plot of the frequency dependence of 
the radiation which occurs when a current pulse is reflected 
from the tip of a monopole. The same is done for the 
radiation emanating from the Dase of the monopole when it is 
excited by a transient. This result is compared with 
previous theories. | 

Conical monopoles are potentially suitable antennas for 
the efficient radiation of very wide bandwidth signals | 
(chapter 8). The far field responses of conical monopoles 
are presented in section 9.4. The experimental results are 
compared with the theory 62 Hew eon and Williams (1965). 

An experimental evaluation of phase-corrected conical mono- 
poles is presented in section 9.4. Section 9.5 contains the 
far field transfer functions of a wire fan antenna. 

The frequency responses presented in this chapter were 
computed from measured signals radiated between two 
antennas. The measurements on the small (7.6 cm slant 
height) cones reported in section 9.4 were made with the 


cones mounted on the ground plane which was used for the 
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driving point measurements (see section 3.2). 

The experimental procedure is given in section 9.4. For 
the remainder of the. measurements the antennas were mounted 
Sh the far field antenna range described in section 3.4. The 
experimental procedure followed when determining the’ trans- 

mission and reception transfer functions, T(f) and R(f) 
respectively, is given in section 3.4.2. The system transfer 
function H(f) was computed using eqns (2-7) and (2-9a) from 
a measurement of the signal radiated between two identical 
antennas. The experimental procedure is the same as for 

Tf) and R(f). The upper limit of the neasurenent. banawiath 
for these measurements is set at 600 MHz in section 3.4. 

- The sampling parameters for the results presented in this 


chapter can be ‘found in Appeniix 4. 


9.2 RADIATION FROM THE BASE AND TIP OF MONOPOLE 

The far field of a thin monopole of length L consists 
of a series of transients, provided the monopole is excited 
by a narrow pulse. The times at which the transients occur 
correspond to the instants at which the pulse is reflected 
successively from the base and the tip. The narrow pulse 
driving point response, which demonstrates the multiple 
reflections of a pulse on a long thin monopole, is-discussed 
in chapter 5. | 

The experimental arrangement is shown in Fig. 9.1. 
Fig. 9.2(a) shows the | Signal when the pulse shown 
in Fig. 3.7 is transmitted. The transients, considered 
individually, characterise the radiation from the base and 


the tip. Consequently, by only accepting one of the 
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transients, the radiation from either the base or the tip of 
the monopole can be measured. 

Figs 9.2(b) and 9.2(c) show T(f) for radiation from the 
tip and the base respectively. if the monopole were infin- 
itely long the only radiation would be that represented by 
the T(f) shown in Fig. 9.2(c). A rectangular data ee 
(section 2.3.3.1.2), 3.7 ns long, was used to separate the 
transients wodiaeea from the base and the tip (see Fig. 
9.2(a)) from the rest of the received signal. The time 
origin of the window separating the tip transient was 
delayed by 4 ns to allow for the time taken for the test 
pulse to propagate from the base to the tip. Proper allow- 
. ance was made for the different distances and angles between 
the standard monopole and the tip and base of the 1.2 m 
monopole (see Fig. 9.1). The plots of T(f) are only contin- 
ued out to 400 MHz because severe ripples were observed 
above this frequency. These were caused by the sharp edge 
of the data window (see section 2.3.3.1.2), and because the 
test pulse has little energy above 400 MHz (see Fig. 3.7). 

Fig. 9.2(c) also shows T(f) calculated from three 
previous theories. Manneback (1923) states, and Schelkunoff 
(1952, section 2.24) discusses the following expression for 
the transverse component Ey of the electric field radiated 


from one end of an infinitely thin wire extending to 


infinity: 
_ (i+cos@)n i(t-r/c) 
aad MA 4aqrsine (9-1) 


where i(t) is the current flowing from the end, and 96 is 


angle between the direction of the radiation and the wire. 
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Taking the Fourier transform of eqn(9-1), substituting 
@ =n /2 and n= 120n ohms, and using eqns (3-6) and (3-7), 
we obtain for an infinite wire driven above an infinite 


ground plane 


120 u(t) eS 7 ? 
By (2) = Pe aE (9-2) 


where E,(f) is the radiated electric field intensity a 
distance r from the antenna, and Z(f) is the input impedance. 


By comparison with eqn(2-20) we obtain: 
7 120 . 
Tf) = sa 7H) | (9-3) 
- Values calculated from eqn(9-3) are plotted in Fig. 9.2(c). 
Z(f) was taken from Fig. 5.3. 
Harrison and King (1967) have discussed a formula (due 
to Papas, 1949) for the transfer function of an infinite 


cylindrical dipole antenna when it is transmitting: 


rE, (£) - 
VqEY expHBET * THEN Gay eae 


where V,(f) is the voltage discontinuity exciting the 
infinite dipole, and Ho?) (xa) is the Hankel function of zero 
order and second kind. From the equivalent circuit for 
transmission (Fig. 4.8), and using eqns (3-6), (3-7) and 
(2-20), we obtain, for an infinite monopole: 


m(f) = ———i42(£) : (9-5) 
n[50 + 2(£) }HO (ica) 


Values calculated from eqn(9-5) are also shown in Fig. 
9.2(c). The Hankel function was calculated from formulas 


and tables in Abramowitz and Stegun (1965, chapter 9). 
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Andersen (1968; 1971, p28) has also derived a formula 
for the radiated field of an infinite monopole driven above 


- an infinite ground screen: 


4 v,(f) eg Jkr 


Ei = va Saga | Ee pre) 
eg 


where Vif) is the voltage exciting the monopole, 

r= 1.781..., and the time dependence (suppressed) is 
exp(-jwt). Simplifying eqn(9-6), and using eqns (3-7) and 
(2-20) we obtain | 


; -224(f = 
12) = }rsommcryiaco SoRe=aweT} (9-7) 


where the asterisk denotes the complex conjugate. - The 
phase factor is then exp(-jkr) so that eqn( 9-7) is consis- 
tent with eqn(2-20). Values calculated from eqn(9-7) are 
also shown in Fig. 9.2(c). 

The T(f) determined by experiment is seen to differ by 
up to 15% from the theories of Harrison and King and 
Andersen. This is attributed to experimental error (it was 
difficult to obtain saciereetors separation of the transients 
radiated from the base and the tip, see Fig. 9.2(a)). Phase 
differences of 20° are also within experimental error. 
Manneback's result differs significantly from the other 
theories and the experiment. However, his result is true 
only for infinitely thin wires. The following is a check on 
the consistency of eqns (9-3), (9-5) and (9-7) for very thin 
wires. King and Schmitt (1962) derive a formula (which is 
due to a theory by Wu, 1961a) for Z(f) of an infinitely long 


monopole driven above an infinite ground plane: 
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Z(t) «5b Q- 4g z } ka << 1 (9-8) 


Q = Iin(1/ka) - 0.557 


= -In(ka), ka << 1. .  ahGe8) 
Thus, from eqns (9-9) and (9-8) with n = 120n ohms (9-10) 
Z(f) ~ -60 in(ka), ka << 1. (9-11) 


Substituting eqn(9-11) into the expression for T(f) derived 


from Manneback's theory (eqn 9-3), we obtain 


Mf) ~ap7esy ka <1. (9-12) 


since Z(f) >> 50. For large Z(f), the expression for T(f) 


derived from Harrison and King's result (eqn 9-5) reduces to 
T(f) = ine rea ‘ (9-13) 
ab es sy, 


By substituting the asymptotic form for HS) (ca) for small 


arguments: 
HS°) (ka) ~ -j 2 in(xa). (9-14) 


eqn(9-14) readily reduces to eqn(9-12). For large Z(f) and 
small ka, the expression for T(f) derived from Andersen's 
theory (eqn 9-7) also readily reduces to eqn (9-12). Thus 
the three theories are consistent for very thin wires. 

A short receiving monopole produces an output voltage 
proportional to the time differentiation of the received 
electric field intensity (Schmitt et al., 1966). The time 


response shown in Fig. 9.2(a) indicates that T(f) for the 
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base is positive and constant, and T(f) for the tip is 
negative and constant, because the transients which charac- 
‘terise the radiation from the base and the tip are approxim- 
ately proportional to the time derivative and the negative 
of the time derivative respectively of the transmitted pulse 
(see Fig. 3.7). This ig in agreement with the computed 


results shown in Figs 9.2(b) and 9.2(c). 


9.3 CONICAL MONOPOLES 
It was suggested in section 8.4 that the conical mono- 
poi could form the basis of the design of radiators suitable 
for faithful transmission systems. Measurements were made 
- on two hollow cones (each of 50 ohm characteristic impedance 
when mounted above a ground plane) of 0.71 m slant height. 
One was made of a continuous sheet of metal and the other 
was made of wires. The construction of these cones, and 
their driving point properties, is given in section 6.4.2. 
Fig. 9.3(a) shows the. signal Bedeived by the standard 
monopole when the test pulse is nadtacea from the sheet 
metal cone. The computed T(f) and R(f) are shown in Fig. 


9.3(b). The antenna gain G(f) is related to T(f) by 
G(f) « |e) |°/[1-|p(£) |F7 (9-15) 


because the gain refers 8 the power radiated by an antenna. 
There is only a small error in assuming that | p(£) |° = 0 
(see Fig. 6.5(b)), so that Fig. 9.3(b) shows that G(f) is 
effectively constant over the measurement bandwidth, in 
agreement with the basic considerations presented in section 


8.4. 
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T(f) and R(f) were smoothed by convolving their values 
at intervals of 1/2NT with the weights +, 4+ and + (see 
section 253.3012): The effect of smoothing is shown in 
eee 9.3(c) where the smoothed transfer functions are super- 
imposed upon the transfer functions which were computed from 
v(t) gated with a rectangular data window. The effect of 
the sharp edge of the truncation is seen to be quite severe. 

Theoretical transmission and reception transfer 
functions for a matched conical monopole capped with a 
section of a sphere are presented by Harrison and Williams 
(1965). T(f) and R(f) were transcribed from their graphs for 
a 0.71m slant height 50 ohm cone and are shown with the 
_ experimental transfer functions in Fig. 9.4(a). Proper 
allowance was made for the antenna separation and source 
impedance so that the transfer functions were consistent with 
eqns (2-20) and (2-21). There is an estimated error of 10% 
in transcribing the theoretical transfer functions (the 
relevant parts of the published graphs measured 2 cm square). 

There are significant differences in the shapes of the 
curves, even after allowing for measurement and transcript- 
ion errors. The measured responses appear to fall off 
rapidly below 150 MHz, in contrast to the theoretical 
predictions. The differences are attributed to the measured 
cone being hollow while the theoretical transfer functions 
are for a spherically capped cone. In calculating the 
_ transfer functions Harrison and Williams used a solution for 


the radiation field derived by Papas and King (1951). A 


re 


Ithe measurement error was estimated at 5% in section 3.4.2. 
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step in this solution was equating the electric fiela 
tangential to the cap to zero. This is not true if the cone 
is hollow, and affects in particular the lowest "useful" 
 eequeney: Notice that the first peaks in the experimental 
and theoretical T(f) differ by a frequency ratio of about 
1.9. This is nearly equal to the ratio of the slant height 
plus half the distance across the cap of the spherically | 
capped cone to the slant height of the hollow cone (which is 
1.3/0.71 = 1.83). Thus the lowest "useful" frequency of a 
spherically capped cone depends upon an "effective" length 
which equals the slant height plus half the distance across 
the cap. The magnitude of the first peak of the measured 

- T(f) is larger than the magnitude of the first peak of the 

' theoretical T(f) because the gain of the cone is larger at 
the higher frequency (at 190 MHz the vertical dimension of 
the aperture is 0.304), and at 100 MHz it is 0.16A: the 
gain of a cone falls off when the vertical dimension of the 
aperture is less than 0.25 when the cone is mounted above a 
ground plane, Barrow et al. 1939). 

Brown and Woodward (1952) noticed that the theoretical 
radiation pattern of a cone‘with a spherical cap (from Papas 
and King, 1951) was the same as the measured pattern of an 
open ended (i.e. hollow cone, or a cone with its end closed 
by a plane sheet, if the overall vertical heights of the 
cones (i.e. including the height of the spherical cap) were 
equal’. In Fig. 9.4(b) the experimental transfer functions 
ethis measurement was only made for a 79 ohm cone (29 = 60°, 

see Fig. 6.1). They also noticed that adding a spherical 
cap to a cone did not sensibly alter its input impedance. 


Therefore the input impedance is a function of the slant 
height only. 
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are shown with Harrison and Williams’ results transcribed 
for a 0.5 m slant height, spherically capped, 50 ohm cone. 
The vertical height of this cone is equal to that of the 
measured cone. There is better alighment of the frequency 
scales above 300 MHz (observe R(f)) but the lowest "useful" 
frequencies of the two cones are different because this 
depends on the "effective" length defined in the previous 

' paragraph. 

Fig. 9.5(a) shows the signal radiated between the two 
cones when the test pulse is transmitted from one of the 
cones. H(f) for the two coee, shown in Fig. 9.5(b), has 
approximately linear phase (one requirement of a faithful 
transmission system) but its amplitude falls off rapidly 
with increasing frequency, also in agreement with both the 
results shown in Fig. 9.3(b) and the arguments given in 


section 8.4. 


9.4 PHASE CORRECTED CONICAL MONOPOLES 

Suppose a phase correcting lens were introduced into 
the aperture of a conical monopole. The basic geometry is 
‘shown in Fig. 9.6. The inner surface of the lens is 


described by 


pt = S22 Dx | 7 (9-16) 


ncosg-1 


where n is the refractive index, given by n = Vey where En 
is the relative permittivity of the lens material. If the 
‘lens is to be physically realisable then x/y must be 

positive. Elementary algebra shows that n must be greater 


than 1.37 for this to be so, which is convenient since 
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conventional, comparatively cheap lens material, such as 
polythene and polystyrene, have refractive indexes of about 
1.6. 
| A complete lens of the size required, constructed from 
even the cheapest available lens material, would have 
exceeded the financial mopeurese tee this research project. 
However, it was decided that it was worthwhile investigating 
the effect of limited phase-correction. Crude lenses were 
formed from stacks of computer eevae placed in the apertures 
of the two cones, The thickness of each lens at its base 
was about 0B/2. The peppuctive index of the lenses would 
have been about 1.7 if they had consisted of solid paper, but 
. stacked cards contain many air spaces which reduce the 
effective refractive index considerably. The refractive 
index was estimated to be 1.5 by observing the time delay of 
signals passing from one short, thin monopole through a pile 
of stacked cards to another short, thin monopole. 

The received signal, and the computed system transfer 
functions for these partially phase-corrected conical 
monopoles is shown in Fig. 9.7%. There is considerable 
improvement over the transfer function shown in Fig. 9.5, 
especially above 300 MHz, but extra phase correction is 
clearly required. The signal delay caused by the lens shows 
as an increase in the average slope of the phase/frequency 
characteristic. The experimental and computational 
procedure used for this measurement was the same as that 
used for the measurement shown in Fig. 9.5. Both the plots 
shown in Figs 9.5 and 9.7 were continued out past the upper 


limit of the measurement bandwidth (600 MHz) to show the 
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benefit obtained by the partial phase correction. Although 
the absolute values are. likely to be in error, a direct com- 
parison can be made since the values of U(f) stored in com- 
puter memory were the same for both measurements. 

Some time after the measurements described above were 
made, a Tektronix 182 TDR became available. It was realised 
that with this measurements could be made on phase-corrected 
cones which were small enough to be within the financial 
resources of this project. 

Two hollow 50 ohm cones, each with a slant height of 
7.6 cm, were constructed from thin sheet brass. The lenses 
were made from perspex which was found to possess a 
. sufficiently low loss factor to permit meaningful measure- 
ments to be made. Polythene and polystyrene have almost 
negligible loss but in New Zealand they are not as easy to 
procure or to fabricate’. The dimensions of the cones and 
the lenses are given in Fig. 9.8. The cones were placed 
0.61 m apart on the ground plane which is described in 
section 3.2. | 

The magnitude of the induction field was less than 10% 
of the magnitude of the radiation field for frequencies 
above 1 GHz. The Fraunhofer condition, eqn(3-4), was 
satisfied provided the frequency was less than 4.6 GHz. 

- However, estimates of H(f) could be made up to 9 GHz with 
less than 10% error due to phase differences from the edge 


of the aperture (Montgomery 1947, p902). 


>For perspex tan 6 = 0.0067 at 10 GHz. 


“Bor polystyrene tan 6 = 0.00041 at 10 GHz and for polythene 
tan 6 = 0.00066 at 10 GHz (Moreno, 1948). 
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The peak amplitude of the Enanamiteed pulse was 120 mV 
(it is shown in Fig. 4.12) and the peak amplitude of the 
received signal was about 1.5 mV. Accurate measurements of 
re as small as this can only be made using the 4 point 
‘ scanning method of sampling (Nicolson, 1969) which is 
‘described in section 2.3.6. All the responses of these 
cones were measured by this method. By averaging 24 scans 
of the Aecelved: Aignal (which took about 14 minutes) the 
effective noise level of the measuring equipment could be 
- reduced to about 10 uV. The RMS noise level of the sampling 
oscilloscope was about 1 mV referred to the input (section 
2.323.221), so that the 3-point seanaaue method gave an 
improvement of 40 dB. | 

. The reflection coefficients of these cones are 

- presented in section 6.3.2, where it was observed that they 
euetast as well matched as a larger 0.71 m slant height 
sheet metal cone. Since we are interested in the system 
transfer function between two cones matched to their 
respective transmission lines, the modulus of the computed | 
system transfer functions have been corrected for the 


power lost due to the mismatch. The correction applied was 


IE(£) Inatchea = BEV asagunea” -loC2)'|7) : C217) 


The corrected system transfer functions for these cones 
are presented in Fig. 9.9, which shows that the modulus is 
flatter and the phase is more linear when phase correction 
is applied. The difference between the slopes of the phase 
curves shown in Fig. 9.9 and those shown in Figs 9.5 and 9.7 


are due to different time origins for the test pulse and the 
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seeeeiwed signal. For faithful signal transmission all that 
is required is linear, or as near linear as eoea ania. phase. 
The actual average slope of the whase/treauency characteris-— 
tic is immaterial. 

‘For cones having the dimensions shown in Fig. 9.8 the 
. benefit of phase correction is only fully apparent at ) 
frequencies appreciably higher than 4 GHz. For instance, 
when an eeueeeted (no lens) cone is transmitting the 
signals at points B, and Bo (see Fig. 9.8) are out-of-phase 
at 7.3 GHz, and the gain is a minimum. So, at 7.3 GHz 


phase-correction of the cones should result in a considerable 


increase in |H(f)|. 
Time domain measurements could not be made above 4 GHz 
because no suitable equipment was available. larger phase- 
corrected cones were too expensive to make. However, 
reascnably accurate, though very tedious, continuous wave 
(c.w.) measurements of |H(f) | could be made in the range 
4 GHz to 8 GHz. A microwave oscillator was used as a trans— 
mitter and a hetercdyne detector was used as a receiver. 
The following procedure was used to allow for reflections 
ero the walls, ceiling and objects in the laboratory. For 
each measurement frequency the ground plane (which was 
mounted on a trolley fitted with castors) was wheeled about 
within a roughly circular area in the middle of the roon, 
and the maximum and minimum received signals were ‘searched 
for. The circle was several tens of wavelengths in diameter 
at 4 GHz. The maximum and minimum signals were then 
averaged and the system transfer function was calculated by 


comparing the averaged received signal with the signal 
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measured by connecting the two cables feeding the antennas 
together (thus allowing for cable loss). A simple check was 
made on the accuracy of this method. The measurement made 
at 4 GHz on the cones without phase-correction was repeated 
and 120 readings of the received signal were taken with the 
ground plane positioned at random within the allotted area. 
Because the measured signals exhibited many maxima and 
ninima within that area, and because the ground plane was 
positioned at random, the newsuxed Signals could be assumed 
to be normally distributed about some mean value which was a 
good approximation to the value that would be obtained in an 
ideal anechoic chamber. The magnitude of the system transfer 
functions obtained by the c.w. measurements is presented in 
’Fig. 9.10, together with that obtained from the time domain 
measurements. | 

The difference between the mean of the maximum and 
minimum measurements and the mean of the 120 random measure- 
ments is seen to be about one quarter of the RMS error in the 
random measurements, from which it can be concluded that the 
measurement method used was satisfactory. There is also about 
12% error at 4 GHz in the frequency response inferred from 
the time domain measurements, which is an estimate of the 
accuracy of the time domain tieasuremants: The system response 
of the phase-corrected cones is seen to be considerably 
flatter than that of the uncorrected cones. The measurements 
verify that the gain of the uncorrected cones has ae et 
near 7.4 GHz. 

A lens with a cylindrical aperture, such as the ones 
shown in Figs 9.6 and 9.8, tapers the amplitude distribution 


across the aperture (Silver 1949, section 11.3). This 
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reduces the antennas gain. For cones with large flare 


angles (i.e. low characteristic impedance) the amount: of 


taper is less and hence the gain is higher for a given 


aperture size. less phase correction is required. A more 


uniform amplitude distribution across the aperture for a 
given cone could be obtained by using a lens with both its 


inner and outer surfaces convex (Silver 1949, section 11.3). 


9.5. FAN MONOPOLES 

Figs 9.11(a) and 9.11(b) show T(f) and R(f). for a 60° 
flare angle, 6 wire fan antenna with a circular end and an | 
end wire. The geometry of this antenna is shown in Fig. 6.4. 
The transfer functions are given for two orientations of the 
antenna: when it is broadside on and when ies edee on. 
The H(f) for transmission between two of these antennas are 
given for the same orientations. It is clear from Fig. 9.11 
that two fan antennas form a system of wider bandwidth when 
they are arranged to be broadside than when they are arranged 
to be edge-on to each other (remember however, that this | 
antenna is not naeeHed to a 50 ohm feedline over the whole 


of the measurement bandwidth). 


e@ 
12-5 STANDARD 
MONOPOLE 
FOR SENSING 
FIELD 


‘27 em. D. 
0-556 em D 


ee es 


BASE : 
GEOMETRY | r= 65m. ' | 


FIGURE 9-1: GEOMETRY OF MONOPOLE RADIATION EXPERIMENT. 


Os Tip tl) 
Fr BASE AMP. — PHASE--— 
. fe) 4 F 
TIP 
z c 
° wi 
n 8 od 
5 
A c 180° 
> 0-2 | 
= = teeta 
n < es = 


4 NS / DIVISION \ 2 3 4 
FREQUENCY (MHz x100) © 
(a) (b) 
BASE T(f) 
EXPERIMENT 
o5 . . 
Satie HARRISON & KING 
O-4 
-——-— ANDERSEN 
w 0-8 -------- MANNEBACK 
= 
& 
Oz 
of 
re) 


{ 2 2 4 
FREQUENCY (MHz x 100) 


() 


FIGURE 9-2: (a) RECEIVED SIGNAL RADIATED FROM 1-2 


METRE MONOPOLE. 
(b)3& Cc) TRANSFER FUNCTIONS FOR RADIATION 


FROM TIP & BASE 


1OMV/ DIVISION 


2 NANOSECONDS/ DIVISION 
(a) RECEIVED SIGNAL © 


~ NORMALISED TO 0:24. 


+180? 
uw 
a 
a | 
rE 
| 
a 
= 
< 
fod 
Ww 
2 
v7 
Po 
ul 
we 
re) -180° 
re) 2 6 oO 2 6 
FREQUENCY (MHz x 100) 
(b) TRANSMISSION AND RECEPTION TRANSFER FUNCTIONS - 
+180° 
wi 
a 
2 
bt 
-d 
& 
rd rev 
v7 x 
a O. 
al 
we 
-180° 


FREQUENCY (MHz x {00) 
AMP. PHASE 
SMOOTHED —— ee ee 
; UNSMOOTHED -—-— eee 
(c) COMPARISON OF SMOOTHED AND UNSMOOTHED 
TRANSFER FUNCTIONS. | 


“FIGURE 9-3: FAR FIELD RESPONSES OF O-Tl METRE SLANT 
HEIGHT 50 OHM CONICAL MONOPOLE, 


PHASE 


196 


NORMALISED TO 0-24 m. 


RELATIVE AMPLITUDE 


@ Oo | 2 4 . 
FREQUENCY (MHz x 100) 


AMPLITUDE A 
EXPERIMENTAL :- 0-7 \n SLANT — ay sep - 
HEIGHT HOLLOW CON 


HARRISON AND WILLIAMS *O-1Im. 
SLANT HEIGHT SPHERICALLY = sre sanasennnn 


* (a) 


Lo NORMALISED TO 2-34 " NORMALISED TO O-24m. 2 
+180) 
wl 
a 
2 
[= 
om | 
a 
2 
wo? O° w 
: 3 
ok = 
w 
v 
~|20° 
Co @ 4 ra O Zz 4 6 


_ FREQUENCY (Miz x {00) 


EXPERIMENTAL =O*T[ m. SLANT 
HEIGHT HOLLOW CONE. 


HARRISON & WILLIAMS -O°5 m. 
SLANT HEIGHT SPHERICALLY 
CAPPED CONE . 


(b) 


FIGURE 9:4: COMPARISON OF EXPERIMENTAL AND THEORETICAL 
TRANSMISSION AND RECEPTION TRANSFER FUNCTIONS 
FOR 50 on CONICAL MONOPOLES. 


197 


200 mv/Dw. 


5 NANOSECONDS / DIV. 
(@) RECEIVED SIGNAL 


NORMALISED TO O-32 m. 


AMPLITUDE +180° 


RELATIVE PHASE 
AMPLITUDE 
Os °° 
“180° 


© 6 2 4 © & 


FREQUENCY (MHz « 100) 


(b) COMPUTED SYSTEM TRANSFER FUNCTION 


FIGURE 9-5: SYSTEM RESPONSES FOR TWO O-Tl METRE SLANT 
‘HEIGHT 50 OHM CONICAL MONOPOLES. 


DIELECTRIC LENS 


COAXIAL LINE 


FIGURE 9-@: GEOMETRY OF PHASE CORRECTING 
LENS FOR CONICAL MONOPOLE. 


a ee Aen tan ae cee eT ee ee 


200 MV/DIV. 


5 NANOSECONDS/ DIN. 
(a) RECEIVED SIGNAL 


NORMALISED TO O-32m 


1-0 
AMPLITUDE -~]*180° F 
RELATIVE 
AMPLITUDE 
PHASE 
os o° 
- (80° 
S 6 2 4 rs 3 


FREQUENCY (MHz x 100) 
(5b) COMPUTED SYSTEM TRANSFER FUNCTION 


FIGURE 9-1: SYSTEM RESPONSES FOR TWO PARTIALLY PHASE 
: CORRECTED, O-Tl METRE SLANT HEIGHT,50 OHM 
CONICAL MONOPOLES. 


PERSPEA LENS 


| 0-55@ em 1D, b2 Tem. OD. 


FIGURE 9-8: DIMENSIONS OF 1:6 cm. SLANT HEIGHT 
- CONICAL MONOPOLE WITH PHASE 
CORRECTING LENS. 


199 


0-0; 


MODULUS —— 


MODULUS . 
(METRES) +40 
PHASE 
o (DEGREES) 
-40 
2 3 
FREQUENCY IN GHz 
(a) WITHOUT PHASE CORRECTION 
fy 
003 
MODULUS 
O02 
cles 
(METRES +40 
: Goce 
0-01 SN ee olDEGREES, 
Sef” — 
re ee nae 
-40 
re) 


os a 


| 2 3 4 
FREQUENCY IN GHz 


(b) WITH PHASE CORRECTION 


FIGURE9-9: CORRECTED SYSTEM TRANSFER FUNCTIONS 


FOR TWO 7:6 cm. SLANT HEIGHT 50 OHM 
CONICAL MONOPOLES. 


" 0:03 


INFERRED FROM — DIRECT FREQUENCY 
te ees DOMAIN MEASUREMENT | 


0°02 


MODULUS 
(METRES) 


0-01 


FREQUENCY IN GIGAHERTZ. 


WITHOUT PHASE CORRECTION: === WITH PHASE CORRECTION: 

x MEAN OF TWO MEASUREMENTS; ~ MEAN OF TWO MEASUREMENTS. 
© MEAN OF 120 MEASUREMENTS; _ . 

~— STANDARD DEVIATION OF 120 MEASUREMENTS. 


FIGURE 9-10: MODULUS OF SYSTEM TRANSFER FUNCTIONS FOR TWO T-Ocm. SLANT HEIGHT 50 OHM 
CONICAL MONOPOLES. 


002 


201 


NORMALISED TO 2-12 NORMALISED TO 186 
1:0 +180° 1-0 ; ‘ 
+180 
wi wi 
8 | 68 
E | rs 
a Wj b ! 
= o Ss r 
<o5 o 3 <o5 o° 
> my] . 7 
5 gO $ 
J x a a 
WwW w 
v BROADSIDE v 
“180° -180° 
° © 
o 2 4 re) re] 2 4 eo 
FREQUENCY (MHz x 100) FREQUENCY (MHz x 100) 
@) TRANSMISSION TRANSFER FUNCTIONS 
19 NORMALISED TO OlDm. 1.0 NORMALISED TO O2 m. 


+180° 


| | 8 
6 I > 
=) W 5 
5 bay a 
B Z = 
: . 4 < 
m4 05 fe) w wo"? 
w 9 2 
2 «SS x < 
< BROADSIDE ae 
iu v4 
oie ~190° 
"0 2 4 ® o 2 4, 6 
FREQUENCY (MHz x [00) FREQUENCY (MHz x 100) 
(b) RECEPTION TRANSFER FUNCTIONS 
9 NORMALISED To Olam. ‘co NORMALISED TO O-4m. 
+180° oe +180? 
ul | 
QO 
3 x a 
rc 
1 ay P=) 
a 9 5 | 
Zo8 O° < Bos o° | 
w 2 < | 
2 a w 
fg 
iu % a 
w Oo =j o 
-180 ul ~180 
° Yo 
o 2 4 © oO 2 4 6 
FREQUENCY (MHz x 100) FREQUENCY (MHz xl00) 


(c) SYSTEM TRANSFER FUNCTIONS 


FIGURE 9-11: FARFIELD TRANSFER FUNCTIONS FOR GO° FLARE ANGLE 
GWIRE FAN ANTENNAS WITH END WIRES . 


202 
CHAPTER 10: DISCUSSION OF FAR FIELD RESPONSES 


10.1 RADIATION FROM A MONOPOLE 

The results presented in section 9.2 show that the 
fields radiated when signals are incident upon the base and 
the tip of a thin monopole are essentially frequency 
independent. The shape of thortime domain field is therefore 
essentially a replica of the input pulse shape. The measure- 
ment also shows that the radiation emanates mainly from the 
points of discontinuity, i.e. the base and the tip (see 
Fig. 9.2) (radiation' occurs when charge accelerates; Jones 
1964, section 3-2). The radiation which occurs as the 
“ propagation velocity of the current increases along the 
monopole (see. section 5.2) is too small to be detected in 
the experiment reported in section 9.2. 

Schmitt et al. (1966) have also experimentally verified 
that the radiation which re a transient signal 
is incident upon the base and the tip of a thin monopole is 
frequency independent. They verified it with a time asian 
measurement. Their result, and the one presented in section 
9,3. is at variance with King's dnd Bohmitene (1962) 
qualitative discussion of the radiation mechanism of a 
dipole which was presented in order to explain the theoretic- 
al and experimental results given by Schmitt (1960). King's 
and Schmitt's argument was based on the assumption that the 
far field of the antenna is proportional to the time . 
derivative of the local current density. It is pointed out 
by Ross et al. (1966a) that this is incorrect, and that the 


far field of a dipole is given by 
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Be qs. i(t- J. i(¢2Ef1- -sing]) | (10-1) 


where 6 is the angle between the wire axis and the direction 
of the radiation and L is the aipele; Malesieneth. “RanCi0“4) 
means that the far field is directly proportional to the 
current, and not its time derivative, at times corresponding 
to the instants when the current appears at the base of the 
‘dipole, and is reflected from the end and the base. 
Eqn(10-1) corresponds to differentiation only when L = 0, 
i.e. for an infinitesimal dipole. This agrees with the 
findings of Katayama and Mushiake (1967). | 

Schmitt (1960) calculated theoretically the far zone 
field of a monopole when it is excited by a step-function of 
" voltage by performing a graphical inverse Fourier transform 
of its erequéency ‘Tesponse. Gat gorineeely he was forced to 
truncate his integration prematurely because values of the 
effective height of the monopole were only known up to about 
the second antiresonance whereas the spectrum of the excitat- 
ion extends to arbitrarily large frequencies. The loss of’ 
the small but significant amount of high frequency informat- 
ion results in the risetime of the radiated field depending 
oe the monopole length L and not upon the risetime of the 
step (as we would expect it to). Hie was not able to sub- 
stantiate this result experimentally because he did not have 
a broadband receiving. probe. The time domain receive 
response of an antenna is proportional to the integration of 
the transmit response (section 2.4). Schmitt integrated 
the transmit response to obtain the time dependence of the 
received Signal when a step change in electric field is 


incident upon the antenna, and then calculated the received 
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signal when a step-function of voltage excites an identical, 


distant (i.e. in the far field) antenna). This latter result 


was substantiated experimentally. The inaccuracies in the 


calculated transmit response were masked by the integration 
required to obtain the receive response. it appears ‘that 
King and Schmitt were led to their erroneous Geneiuston ih 
attempting to explain the transmit response. 

More accurate calculations made by Schmitt et al. 
(1966) for various pulse durations show that the field rise- 
time is equal to the excitation risetime, even for the 
fastest risetime pulse for which computations were made 


(t = 0.05 L/c). These results were substantiated experimen- 


.tally. The shape of the response to approximate step 


function excitation can be ob‘jained by integrating their 
result for narrow pulse excitation. For ideal (2ero-risetime) 


step function excitation we would expect the field risetime 


_ to depend only on the dimensions of the base region, just as 


the risetime of the signal reflected from the base was 
limited by the base geometry (Wu and King, 1963). 

It is worth mentioning that Ross et al. (1966a, 1966b) 
experienced difficulty in inf erring the time domain trans- 
mission and reception characteristics from the frequency 
response because of incomplete knowledge of the frequency 
response. Instead they postulated simple transmission line 
models for the. dipole and deduced the time: domain radiation 
characteristics from pear The time dependence of the 
received voltage when an impulsive field is incident upon a 
pn simple transmission line model presented by Ross to 


explain the observed driving point characteristics of a 
dipole is described in section 5.4.2. 
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dipole of half length L is deduced from a model by Ross 
(1969a). This response has the same shape as the field 
radiated from the dipole when it is excited by a step 
function (section 2.4). His result, together with that of 
Schmitt (1960), is reproduced in Fig. 10.1. The differences 
are seen to be characteristic of truncation errors (e.g. see 
Fig. 9.3(c)), as suggested above. It must be remembered that 
the simple models which Ross uses are only approximate 
because he assumes that the driving point characteristics 
of the base region are frequency independent. It is shown 
in chapter 5 that this is not true. However, the results 
obtained are good enough for most engineering applications 
-if the characteristic impedance of the feedline is low (e.g. 
50 ohnus, section 5.4.2). | 

If a thin dipole is excite by a step mbaulaced mono- 
chxomatic wave then the transient buildup of the radiated 
field can be obtained by superimposing the waves radiated 
from the feedpoint and the tips as the monochromatic wave is 
successively reflected up: and down the dipole. The amplitude 
of each radiated wave is given approximately by the amplitude 
of the radiated transients when the dipole is excited by a 
narrow pulse: these were taken from Schmitt et al. (1966). 
The step modulated response is pictured in Fig. 10.2. For 
clarity the waves emanating from the base and the tip are 
shown separately in Figs 10.2(a) and 10.2(b), and the resul- 
tant radiated wave is shown in Fig. 10.2(c). It is implied 
that for times long after the arrival of the excitation the 
radiated field has a phase advance of 90° on the excitation, 


in agreement with the field radiated by a current element 
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(Jordan and Balmain 1968), 7319). The response pictured in 
Fig. 10.2 is in close agreement with the measurement reported 
by Schmitt et al. (1966). . 

The field of a thin dipole with an exactly sinusoidal 
current distribution can be represented as the field’due to 
an array of three isotropic radiators, two located at:sthe 
tips and one at the base (Jordan and Balmain 1968 , section 
10.09). When the dipole is an odd number of half wavelengths 
long the strength of the source at the base is zero (in the 
steady state). Notice that the waves pictured in Fig. 10.2 


agree with this representation. 


- 10.2 FAITHFUL TRANSMISSION OF WIDEBAND SIGNALS oe 

It is shown in section 9.4 that phase-corrected 
conical monopoles are suitable antennas for a system required 
to faithfully transmit signals having a bandwidth of an 
octave or more, provided the monopoles can be well matched. 
As mentioned in section 6.3.2, the cones shown in Fig. 9.8. 
sani nee appreciable nepieetious from the base and from the 
surfaces of the lens. The base reflections can be made 
negligible, as has been shown (Ross et al., 1966b), by 
reducing the dimensions of the coaxial feed-line but retain- 
ing the same characteristic impedance, so that there is a 
smooth transition from the feed-line to the cone. 

It es impossible to compensate for lens reflections 
over an octave bandwidth. However, a variable refractive 
index lens could be used; the refractive index tapering to 
unity at the apex of the cone and its cylindrical aperture. 


The lens could be fashioned from coaxial cylinders of 
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differing refractive index. It would be inconvenient to 
attempt to use a number of different materials for such a 


lens, but it could be constructed using artificial dielec- 


trics (Collin and Zucker 1969b, p104), which can be designed 


to operate satisfactorily over bandwidths of much greater 


than one octave. 
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RELATIVE 
AMPLITUDE 


ROSS (1969 a) 


is teceies SCHMITT (19@0). 


FIGURE 10-1: FIELD RADIATED BY DIPOLE OF HALF-LENGTH 
L WHEN EXCITED BY A STEP FUNCTION 
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FROM BASE: 
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—-—~ THIRD WAVE 


RESULTANT 


(b) WAVES RADIATED 
FROM TIP: 


—-—- FIRST WAVE 
~s-— SECOND WAVE 


-—ro—=-THIRD WAVE 


RESULTANT . 


DIRECTION OF 


(c) RESULTANT RADIATED WAVE 
TRAVEL 


©:5 WAVELENGTH / DIVISION 


FIGURE 10-2: SOLE RADIATED BY A HALF WAVELENGTH LONG 
EXCITED BY A are ULATE 
MONOCHROMATIC WAVE eer ee 
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CHAPTER 11: PROPAGATION OF CURRENT ON BENT WIRE ANTENNAS 


11.1 INTRODUCTION 


The propagation of current on bent wires was first 
studied by Pocklington (1897). He demonstrates that. current 
propagates along the surface of a perfectly conducting wire 
of circular cross section approximately with the velocity of 
light. There is effectively no attenuation, dispersion or 
reflection provided the wire is not too sharply bent. He 
also demonstrates that the phase velocity of monochromatic 
current waves propagating along sharply curved (in terms of 
wavelength) circular loops and helixes is virtually constant 
and greater than the velocity of light. Pocklington's theory 
is of practical significance, even though it is only approx- 
imate. The assumption that the current propagates at the 
velocity of light is valid only in the limit for infinitely 
thin straight wires (Hallén 1962, pe) .? The propagation of 
current on wire antennas has been reviewed by Halién (1962, 


chapter 35) and Jones (1964, sections 3.14 and 4.15). Very 


“little has been done on bent wires. Carson (1928) deals 


only with straight wire transmission lines at distances far 
from the feedpoint. However, Brundell (1960b) has shown 
that the phase velocity of a current wave propagating around 
a circular loop of thin cross section is approximately 
constant and greater than the velocity of light. This 


behaviour is also apparent in the theoretical input impedan- 


ces of circular arc and helical antennas presented by Tang 


(1964). 
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Hallén (1962, chapter 35) examines the vector potential 
at the surface of a straight, perfectly conducting antenna 
of sup trans. but constant, cross section which is excted 
avmnsentoaaiy with respect to its axis, and shows that it 
propagates exactly at the velocity of light, without ‘atten- 
uation, dispersion or reflection. This is not true fon a 
“bent antenna. Bates (1966) (also in Ross et al. 1966a, 
1966b) has analysed theoretically the propagation of the 
vector potential along the surface of a strip (i.e. a flat 
wire of zero thickness) which is bent in the plane containing 
itself. When the width of the strip is small and constant, 
so that there is negligible current flow across the strip, 

- the component of the vector potential along the strip 
propagates virtually without reflection and almost at the 
velocity of light, provided that the radius of curvature of 
the strip remains constant. The major effect of the curvat- 
ure of the strip is to introduce attenuation: there is only 
a small amount of dispersion. Reflection occurs from points 
where the radius of curvature changes. | 
. The current can only be obtained from the vector 

potential by solving an integral equation. In general, the 
behaviour of the current is different from that of the vector 
potential. A current wave propagating along a straight wire 
‘antenna is advanced in phase with respect to the potential, 
but the phase difference diminishes as the distance from the 

driving point (or any Ateoonbimutttes such as sharp bends) 
increases (Hallén 1962, chapter 35). This means that the 
phase velocity of the current wave is slower than that of 


light, which it approaches asymptotically as the distance 


212 


from the driving point increases (see section 5.2). This 
distance depends upon the electrical thickness of ae wire. 
(Andersen, 1968). Thin wires are only dispersive near their 
‘erivine points or near sharp bends. Consequently by assum- 
ing that the behaviour of the current and the vector’ 
potential are similar Bates (1966) was able to obtain 
qualitative confirmation of his theory for the vector 
potential by épeeaeihe the reflections of narrow pulses from 
thin bent wires (consisting of two straight segments: joined 
by a circular arc) of circular cross section. Measurements 
were made of the pulse perieciian coefficient of sharp bends 
(< 2 cm radius) (Bates 1966, Ross et al. 1966b, section III) 
. and the pulse attentuation coefficient of gradual bends 
(> 2 cm radius) (Ross et al.'1966b, section III). The: 
measured coefficients were calculated by dividing the peak 
amplitudes of the pulses reflected from the bend and the tip 
respectively by the peak amplitude of the pulse reflected 
from the tip of a straight wire. 
. Both of Bates' measured coefficients were observed to 
be strong functions of the pulse duration. Inspection of 
the oscilloscope waveroms presented in Ross et al. (1966b, 
section III) shows that the shape of the pulse reflected from 
the tip of a wire changes as the wire is bent. Thus the 
' peflection and transmission characteristics of current on 
bent wire antennas are frequency sensitive. It was shown 
earlier in this thesis in section 5.4.2 that a pulse reflect- 
ion coefficient for frequency sensitive discontinuities can 
be misleading. Further, the spectrum of the pulse which 


is actually applied to the bend depends upon the electrical 


4 
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dimensions of the base region (see section 5.3). Changing 
the wire diameter but feeding the wire with the same test 
pulse from the same coaxial line results in a pulse with a 
different spectrum being applied to the wire. It is unlike- 
ly that the reflection and transmission characteristics for 
the- bent wires have the same dependence on the wire diameter 
as the base region, hence pulse reflection and transmission 
aiakricienta tes different wire avaisrane cannot be directly 
compared. 

| An accurate method of measuring the reflections of a 
narrow pulse from a bent wire antenna is described in section 


11.2. Measurements of the reflections from both sharp and 


“gradual bends in thin wires are presented in sections 11.2.1 


and 11.2.2. In section 11.2.2 careful examination of the 
shape of the pulse reflected from the tip of a bent wire and 
the wire geometry show that the distortion of the reflected 
pulse is caused both by attenuation of the pulse as it 
travels around the bend and by current induced on the bent 
section due to radiation from the base. Reflection | 
coefficients and transmission coefficients which describe 

the propagation of oneenponeene current waves on bent wire 
antennas are presented in section 11.3. How to compute these 
frequency responses jap. demoueueabed with the aid of a simple 
model of a bent wire in section 2.5. Section 11.4 discusses 
the responses and presents a physical explanation of the 
mechanism of the current flow on a bent wire antenna. The 


section concludes with suggestions for continuing the work 


reported in this chapter. 
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11.2 THE DRIVING POINT PULSE RESPONSES OF BENT WIRE ANTENNAS 
The geometry of a bent wire or strip antenna driven . 
above a ground ‘plane is shown in Fig. 41.11, Notice vat r 
is used to denote the radius of curvature in this chapter 
and should not be confused with the r meaning antenna separ- 
ation elsewhere in this thesis. Measurements were made of 
the driving point responses up to the first tip reflection 
of a number of bent wire and strip antennas. The geometries 
of these antennas (with the exception of two measurements 
reported later in section 11.2.2) are summarised in Tables 
11.1 and 11.2. The wires were machined to exactly the same 
length before bending: the length of the wire axis changes 
- negligibly during bending (a measurement indicated that the 
axis of a 0.64 cm diameter wire lengthened by less than 
0.01 cm for a 10 cm radius, 80° bend). The strips were jcut 
from 0.44 mm thick tin plated steel sheet. Careful 
measurement ensured that the axes of the strips were all the 
game length. The spatial length of the test pulse (ct, 
. where v4 is the pulse duration) was much less than the wire 
or strip length (Fig. 4.12 shows the test pulse: CT, ™ 9 cm). 
The 3-point scanning method of sampling (see section 
2.4.6) was used to measure the sienaie: The program 
described in Appendix 2 was used for the measurements 
identified by an A (called measurements A) in Tables 11.1 
and 11.2. ‘Four scans of the reflected signal were averaged 
(taking about four minutes) which reduced the RMS noise level 
to about 200 pV. An improved program (see section A2.7) was 


| . ; ‘ Pg 
From now on a wire is assumed to have a circular cross 
section. 


; 


40°] 60°} 80° 


Pom ase] os 


0.32 5 +42 
90.3+0.1 153 


Table 11.1: Summary of measurements of bent wire antennas. A and B denote measurements. The meanings of A and B are 
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defined in section 11.2. 
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Bend Distance to 


config- 
uration bend 4 (cm) 


pent in 
plane of 
strip 


bent 90° 
to plane 
of strip 


Table 11.2: Summary of measurements of bent strip antennas. 
A denotés a measurement. The meaning of A is 


defined in section Thee 


used for the measurement identified by a B (called measure=. 
ments B). These signals were scanned and averaged until the 
RMS noise level was reduced to 10 uv: this required about 17 
scans taking about 12 minutes. The experimental apparatus 
and the procedure followed when making all the measurements 
is described in sections 3.3 and 3.3.1. The sampling 
interval T was 25 ps. 

The signals reflected from the tips of some of the 0.32 
em diameter wires were measured with the bend in two posit- 
ions, near the base and near the tip (see Fig. 3.5). This 
was done simply by mounting the wire by its other end. The 
effect of the bend position could then be evaluated. The 
centre of the bend is L,+r0/2 from the base: this distance 
is denoted £ (sees Fie: 11.1). The reason for placing the 


bends in the positions indicated in Fig. 4.5 is to prevent 
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overlap of primary and secondary reflections: this was dis~ 
cussed earlier in section 3.3. 

The amplitude of most of the signals reflected from the 
“panes are too small to be measured directly. The following 
example illustrates the difficulty. The test pulse ampli- 
tude is 120 mv and the peak amplitude of ae signal reflected 
from a 6 = 60°, r - 3 mm bend in a D = 0.42 cm wire is 
1.08 mv or “44.6 aB of the test pulse amplitude when 
received by the sampling oscilloscope. The VSWR of GR-874 
air line (which was used for the experiment) is specified to 
be better than 1.025 up eS 4 GHz. This means that the 
“amplitude of reflections caused by line mismatch are equal 
. to or smaller than -38 dB of the amplitude of the input 
signal. Thus the reflection from the bend is immersed in 
the ripples caused by reflections of the test pulse (and the 
first base reflection which arrives earlier than the bend 
reflection) from line irregularities. Even if GR-900 . 
precision air line had been available the improvement would 
only have been about 20: dB. | 

The reflected signal from the bend can however be 
obtained indirectly. The reflections of the test pulse and 
the first base reflection from the line irregularities are 
the same whether the ites is bent or not. Hence the 
reflection from the bend can be obtained by subtracting the 
signal reflected from a long straight wire from the signal 
reflected from the bent wire. The disadvantage of this 
procedure is that it increases the effective noise level of 
the measurement (because the signal being subtracted is also 


contaminated. by noise). However, the reflection cannot be 
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isolated satisfactorily unless the ripples are subtracted. 
The improvements obtained by subtracting the ripples are 


shown in the next two sections. 


11.2.1 Reflections From Sharp Bends 


When a signal is incident’ upon a bend in a wire antenna 
it is partially reflected. Fig. 11.2 shows the reflected 
| signals from straight and sheeely pent (r = Ds; r@ << ct) 
wires. The wires were 0.32 cm diameter brass rods which 
were threaded at the end.and screwed directly into the 
mounting sections shown in Figs 3.2. The radius of curvature 
r of the bend was 4 mm and the midpoint of the bend was 
90.4% cm from the surface of the ground plane. The bends 
were made by clamping the wire in a vice and striking it 
with a hammer. ‘The reflections from the bends for @ < 80° 
are seen to be smaller than the ripple ampli uae as discuss- 
ed in the previous section (some of the ripples were anes 
attributed to reflections from the mounting sections, see 
Fig. 4.2). The improvement obtained by subtracting the 
ripples (i.e. the response shown in Fig. 11.2(€a)) is shown 
in Fig. 11.3. The RMS noise level on the measured signals 
was 10 uw so that the RMS noise level on the "ripple reduced" 
signals is 20 uv. Notice that the residue of the base 
reflection is everywhere less than 250 wV in magnitude. The 
Slope of the leading edge of the pulse reflected from the 
base is 342 mv/ns: thus timing jitter is estimated to be 
about 0.75 ps. 

The amplitude and durations (measured at the -6 dB 
points) of the pulses reflected from the wires are summarised 


in Table 11.5. The pulse durations show that the pulse 


-0.2 
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i Pulse duration 


Pulse Current pulse 
: measured between : 
amplitude -6 4B points reflection 
(millivolts) pi coneaonds coefficient 


O. 
straight 19.85 306 + 12 
wire 


Table 11.43: Parameters of pulses reflected from straight ‘and 


9=40° bend 


9=-60° bend 


9=80° bend 


9=90° pena 


sharply (r = 3 mm) bent 0.32 cm diameter wires. 


reflected from the end of the straight wire is longer than 
the pulse reflected from the base. Thus dispersion at the 
base stretches the pulse, in agreement with Ross (1966c). A 
particularly interesting result is that the pulses reflected 
from the bends are narrower than both the base reflection 
and the tip reflection. Thus sharp bends exhibit oulee 


compression characteristics. Observe the small positive 


peaks (marked §) following the main negative reflection in 


Fig. 11.3(e) and 11.3(f). These are similar to the side- 


lobes exhibited by pulse compression radar signals (Cook and 


Bernfeld 1967, chapter 6). 
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The current pulse reflection coefficients included in 
Table 11.3 (which are obtained by dividing the peak 
. amplitude of the reflection from the bend by the peak ampli- 
pads of the voltage pulse reflected from the tip of a 
straight wire and changing its sign) are in good agreement 
with those reported by Bates (1966). However, they are only 
valid for the particular input signal shown in Fig. 4.12 


(see the discussion in section 5.4.2 and Bates, 1966). 


11.2.2 Reflections from Gradual Bends 
Fig. 11.4 shows the reflected signals from gradually 
bent (r >> D, ré = Cty) wires after the ripples have been 


subtracted. The wire geometries are summarised in Table 11.4. 


Distance to 
for bend Ly 


measurement c (see Fig 11.1) 


561 cm 


10.25 cm 
15.4 cm 
20.5 cm 
e8.4 cm 
42.4 cm 


Table 11.4: Geometries of wires for reflection measurements 


shown in Fig. 11.4. 


The signals from the 9 = 120° bends were scanned and 
averaged until the RMS noise was reduced to 1.5 pV (requiring 
120 scans taking one hour with the improved 3-point scanning 


program described in section A2.7): thus the RMS noise on 
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the "ripple reduced" signals is about 3 uV. Notice that a 


small amount of ripple remains on the signals: this is 


probably caused by minute expansion and contraction of the 


delay lines due to temperature changes. Notice also that 
the residue of the base reflection still indicates that | 
timing jitter is about 0.75 ps (see section 11.2.1). How- 
ever, the quantising error in the voltage scanning the 
sampling oscilloscope was found to be 0.3 ps, so it is un- 
likely that this error could have been reduced. 

‘The arrival times of signals corresponding to the 
points P and Q (see Fig. 11.1) are marked tp and tg in Fig. 
11.4 (the times were calculated by taking the velocity of 
propagation along the wire to be the free space velocity). 
The msasurements show that the pulse is continuously reflec- 
ted as it travels around the bend. The duration of the 
reflection exceeds (tg-tp) only by the pulse duration, and 
for the large bend angles the reflection is a good approxin- 
ation to the impulse response (sires re > Ct) + The shape . 


of the impulse response is approximately an asymmetrical 


triangle, although Figs 11.4(d) and 11.4(e) suggest that the 


leading edge is slightly pacved (this curvature was not 
caused by a non-circular bend: fr was everywhere within 
+ 0.5 mm). The negative swing following the bend reflection 
in Fig. 11.4(e) is caused by pedietion from the wire tip 
(see the next section). 

No significant reflections are observed at times corres- 
ponding to the rate of change of curvature of the bend (i.e. 


at tp or ta? as predicted by Bates (1966). However, it is 
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difficult to manufacture a bend (other than a sharp bend) 
with a very large rate of change of curvature, so that these 


reflections, if they exist, will be unlikely to be observed 


in practice. 


aw oe 


41.2.3 Transmission Along Bent Wires 
Figs 11.5, 11.6 and 11.7? show the reflections from the 


tips of straight and bent 0.64 cm aitenister: wees after the 
ripples have been subtracted. The reflections from the 
bends discussed in the previous section are fadioatea: The 
time t, which is marked on all the plots marks the beginning 
time of the reflection from the tip of the straight wire. 
Notice that as the bend angle increases the leading edge of 
the pulse advances in time. This indicates that energy is 
coupled across the bend. Table 11.5 shows the distances L, 


and OZ (see Fig. 11.1) for the measured wires. 


L=L,+ro+h 


(dee 2|Bend angle @ 


11.1) 
Distance to 
bend L, (see 
Fie 
Distance 024 
(see 
Fig. 11.1 


Table 11.5: Geometries of bent wires for measurements shown 


in Figs 11.5-11.7. 
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The times corresponding to return propagation directly 
across OZ are marked tog on the plots. Also marked on the. 
plots is the arrival time of the earliest detectable signal: 
this is denoted t,. Notice that tg is about halfway between 
tog and t,. This indicates that significant energy is only 
- coupled across OZ in one direction: propagation is essent- 
ially along the wire in the other direction (the energy 
received at the base at tog is smaller than -50 dB of the 
peak amplitude of the pulse reflected from the tip). The 
radiation which occurs when a current pulse travelling at 
(or near) the velocity of light is incident upon a discontin- 
uity in a wire antenna is directed essentially in the direct- 
- jon of Srepacation of the pulse (Jones 1964, p147), This 
effect has actually been measired by Ross et al. (1966a, 
section 4) for sharp bends in wire antennas. It follows 
that significant coupling occurs across 0Z only when the 
pulse propagates outward from the driving point: return 
propagation is essentially along the wire’, | 

The field radiated from the base is essentially a 
replica of the input pulse (section 9.2, Harrison and King 
1967). Fig. 11.8 shows the direction of the current pulse 
induced on the bent section of the wire + seconds after a 
positive current pulse (corresponding to the positive input 
voltage pulse used for the measurements reported in this 
chapter) flows onto the base of the antenna. Thus the 
induced current adds to the current propagating along the 


wire. The induced current flows both towards the wire tip 


rr the bend angle becomes large then a sensible amount of 


the tip radiation (which is negative for a positive input 
area section 9.2) is received at the base (see Fig. 
11.4(e)). 


ee4 


and back towards the driving point: that which flows 
towards the driving point is too small to be detected in the 
_measurements reported here. The induced current flowing 

' towards the wire tip grows in amplitude because it is con- 
tinually being reinforced by the impulsive field radiated 
from the base whose component of velocity in the direction 
of the wire is near the velocity of propagation of current 
along the wire (provided the bend angle is not too great). 
As a current pulse travels around a bend it is attenuated 
(due to radiation loss, Ross et al. 1966b, section III) and 
distorted (because the radiation loss is frequency sensitive, 
as shown later in section 11.4). Fig. 11.9 shows an example 
-of the signals obtained by subtracting various proportions of 
the tip reflection of a straight wire from the tip reflect- 
ion of a bent wire. At times earlier than - (see Fig. 
11.9) the signals represent the current induced by radiation 
from the base. After om the Signals are a function of both 
the current induced by radiation from the base and of the . 
distortion of the current pulse travelling around the bend. 
The induced current is seen to be quite strong: its peak 
amplitude is nearly 30% of the peak amplitude of the tip . 
reflection, Notice that the tail of the signal is smallest 
when 80% of the straight wire response is subtracted: this 
gives a pulse attenuation coefficient of yO.8 ~ 0.9, in 
agreement with Ross et al. (1966b, section III). 
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11.3 TRANSMISSION AND REFLECTION COEFFICIENTS FOR BENT WIRE 
ANTENNAS 
In section 2.5 it was shown how a transmission 


coefficient B(f) and a current reflection coefficient [(f) 


describing the transmission and reflection of current on a 


bent wire antenna can be inferred from a measurement of the 
reflection of a narrow test pulse from the bend-and the tip 
of a bent wire and a measurement of the reflection of the 
same test pulse from the tip of a straight wire. These 
coefficients can be used to relate the amplitude, of a 
current wave at the base of a bent wire antenna and travell- 
ing outwards on the antenna, to the amplitude of the current 
wave arriving back at the base of the antenna. Thus, if 
I(f) is the current at the base travelling outward along 
the wire and if I,(f) is the current at the base travelling 


inward, then 
Ty(t) = ToCe) frre S24 — [acey Pe (44-1) 


where £ and L are defined in Fig. 11.1. The minus sign 
before the second term inside the braces accounts for the 
change in direction of the current when it is reflected from 
the wire tip. The coefficients are discussed further in 


section 11.4. 


11.3.1 Computing the Frequency Responses 


11.4.1.1 Transmission coefficients 


The transmission coefficients B(f) were computed using 


eqn(2-29). The reflections of the test pulse from the tips 


of the wires were separated from the rest of the measured 


signal by applying an extended cosine bell data window (see 
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section 2.3.3.1.2): 


d(t) = os yg FR ty, > tys 
a(t) = {1 + cos[n(t,-t)/(t,-t,)1}, t, < t < to3 
a(t) = 1 | 1» ty Kt K 33 
a(t) = 4{1 + cosln(t-t,)/(ty-ts)}}, tz <t< ty. 


(11-2) 
The data window parameters, ta-tys were chosen to cut off as 
little as possible of the reflection. This is particularly 
important on the Peadive dea! to was always chosen to be 
less than t, (see Figs 11.5-11.7). The data window 
_ parameters used to compute the frequency responses presented 
in section 11.3.2 are given in Table 11.6. 

Number of figure in Data window parameters (hs) 
which result of 


measurement 
is recorded’ 


11..12=11.20, 11.26 


A124 
11.22 
11.23 
11.24 
A125 


Table 11.6: Data window parameters used for computing 


frequency responses presented in this chapter. 


The relative position of a typical data window and a measured 


response (from measurements A) is shown in Fig. 11.10. The 
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effect of changing the data window parameters on the comput- 
ed results is shown later in section 11.4.3. 


The measurements A (see section 11.2) were made with 


the program described in Appendix 2. When computing B(f) | 


discrepancies in the phase were noticed. These were’ found 
to be linear phase shifts caused by timing errors (section 
2.3.4321.3) introduced by drift in the reference voltage 
identifying the start of sampling time (see Appendix 2). 

The measurements were made with a sampling oscilloscope time 
scale of 2 ns/cm and the external horizontal deflection 
factor of the 182 sampling unit was about 1 volt/cm. Thus 


only a 5 mv drift causes a timing error of 10 ps correspond- 


_ing to a phase error of about 7° at 2 GHz. This problem was 


eliminated in the improved program described in section 
A2.7, and which was used for the subsequent measurements 
(measurements B). The amount of timing shift in measurements 
A could be determined by comparing the relative time posit—- 
ions of the reflections of the test pulse from the bases of 
the straight wire and the bent wire (which were the same). 
This was done by time shifting one of the reflections in she 
picosecond steps and searching for the smallest mean square 
difference between the two reflections. The time shift 
corresponding to the smallest difference was then used to 
correct the phase of the computed transfer functions. The 
time response was shifted in one picosecond steps by inter- 
polating the measured samples using Everett's formula to 
second order (N.P.L. 1961, p66). The phase errors due to 
timing shift are less than O27" at 2 GHz. 
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11.3.1.2 Reflection coefficients 

The current reflection coefficients I'(f) were calculat- 

ed using eqn(2-30). The reflection coefficient of the tip 

Be (f) (see eqn 2-28) was taken to be unity. This assump- 
tion introduces only a small error (see section 2.5)2 The 
phase of all the computed [(f) is referred to the bend 
centre. 

To eliminate timing shift errors (section 2.3.3.1.3) 
from the somputed TCL) for the r = 3 mm bends the distance 
from the base of the wire to the centre of the bend (@ in 
Fig. 11.1) was made the same as the Tenetn of the straight 
wire: the position was accurate to +1 mm. Thus phase 
_errors in the computed I'(f) due to timing shift are less 
than 2.5° at 2 GHz. The phase of the computed I'(f) for the 
r = 15 cm bends was referred to the bend centre by applying 
a correction factor for each bend. These were determined by 
measurement and were accurate to +5 mm. Thus phase errors 
due to timing shift are better than 12.5° at 2 GHz. 

The reflections from the bend and from the tip of the 
straight wire were separated from the rest of the measured 
signal by applying eqn(11-2). The data window parameters 
used tocompute the ['(f) are included in Table 11.6. 


11.3.2 Computed Responses 

The moduli of the speebhe of the pase reflected from 
the tips of the straight wires IV(f) | (see eqns 2-27 and 
2-28) which were used to compute the results presented in 
ere section are shown in Fig. 11.11. The effective band- 
widths of the pulses (from measurements A) whose spectra are 


shown in Figs 11.11(a) and 11.11(b) are about 2 GHz: hence 
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the frequency responses computed using these spectra are 
only continued out to 2 GHz. The effective bandwidths of 
the ee whose spectra are shown in Fig. 11.11(c) ana 
11.11(d) are about 3 GHz. The reason for the difference is 
that a newer and improved Tektronix 182 TDR was used’for 
these measurements (measurements B) and the faster euilse 
extended the measurement bandwidth. Also, the signals from 
this later series of measurements were "ripple reduced" in 
the way described in section 11.2 before the frequency 
responses were computed. | This eliminated error due to the 
ripples (section 2.3.3.3) althoush the RMS noise level was 
increased to 20 pV. Notice that the spectra of the pulses 
applied to the 0.32 cm dia. wires is different from the 
spectra of chs sulses applied to the 0.64 cm dia. wires, in 
agreement with the argument presented in section 11.1. 
Computed transmission coefficients B(f) and current 
reflection coefficients [(f) for different wire geometries 


are plotted in Figs 11.12-11.26. 


11.4.4 Discussion of errors 

It was demonstrated in section 6.3.4 that quantisation 
error is negligible because of the accurate ADC used in the 
hybrid computer (see Appendix 2). However, a specimen cal- 
culation of the error in a test pulse spectrum aie. aGe noise 
in the sampled signal indicated that it was small but 
probably significant. Following section 6.3.4, with T = 
25 ps, N = 130 (see Table 11.6) and taking oy = 200 wV for 
Measurements A (see section 11.2) we obtain the noise 
amplitude exceeded by not more than 1% of the frequency 


domain ordinates €, y = 1.6 x 40719 V/Hz for the IV.C£) | 
: 3 
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shown in Figs 11.11(a) and 11.11(b). This is about 1.9% of 
\Vo(f)| at zero frequency and 16% of IVa(f) | at 2GHz. A 
similar calculation for measurements B (with Oy = 20 wV, see 
senate 11.3.2) gives eq Wt 1.6 x 4q7 + V/Hz for the 

\Vo(f) | shown in Figs 11.11(c) and 11.11(d). This is about 
0.18% of [Va(f) | at zero frequency and 2.3% of IVC) | at 

4 GHz. It is also possible to estimate the timing jitter 
error for neasavencite B. In section 11.2.1 the timing 
jitter was estimated to be 0.75 ps. Using this as an estin- 
ate of On in eqn(2-15), the noise amplitude exceeded by not 
more than 1% of the Prednensy domain ordinates (& = 0.01) is 


€, 9 «10° |? V/Hz. This is only 0.14% of |Vg(f)| at 3 GHz: 
¥] 


_. hence timing jitter error in the frequency responses computed 


using data from measurements B can be assumed negligille. 
The integration in eqn(2-15) was done graphically. 

Only 1% of the frequency domain ordinates are likely 
to exceed the bounds calculated in the previous paragraph, 
and, because the frequency responses were computed from a 
measurement interval NT of about 3 ns, there are only about 
7? ordinates (spaced at frequency intervals of 1/NT; see 
eqn 2-10) in the range O < f < 2GHz. The continuous curves 
are obtained by joining interpolated frequency ordinates 
(see section 2.3.4). Thus the error bounds are quite 
pessimistic. A more meaningful estimate would be the 9% 
error bound (& = 0.09 in eqn 2-14): this gives Eg n= 1.13 
x 10°19 v/Hz for |Vg(f)| in Figs 11.11(a) and 11.14(b) 
(measurements A). The probability that theerror in a part- 
icular ordinate is less than 1.14 x 40719 V/Hz is 0.91, and 


the probability that the error in all ordinates is less than 
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1.13 x 107'? V/Hz is (0.91)? » 0.52. Thus it is improbable 
that the error anywhere will exceed 1.13 x 40713 V/Hz. The 


probability of the error in IV(f) | (Figs 11.11(a) and 


ode 


11.11(b)) being less than 11% at 2 GHz is 0.91. A similar 
estimate for measurements B (\Vo(f)| in Figs 11.11(c) and 
Ai SCA) Yaa oe aX 4074 v/az, or 1.5% at 3 GHz. 

3 


~, 


A gauge of the error in the computed frequency response 


is best obtained from an example. From Fig. 11.12, B(f) = 
0.74 at 2 GHz, and from Fig. 11.11(a) |Vg(£)| = 0.9 x 10774 
V/Hz at 2 GHz. Thus from eqns (2-27) and (2-29) 
IV_(f)| = 0.495 x 407 12 V/Hz. If both |V,(f)| and Walt) | 
are 10% in error, and the errors are such that the error in 
p(f) is maximum (i.e. |Vg(f)| + 10% and |V,(f)| - 10% and 
vice versa) ines the error in B(f) is +10.8% and -9.5%. Thus 
the error in @(f) is at worst about equal to the error in 
|Vg(f)| and |V,(f)|. It is highly improbable that the worst 
case conditions in this example will occur. The error in 
the B(f) computed from measurements A is likely to be better 
than 5% at 2 GHz. This is supported by the observed | 
behaviour of g@(f) for 6 = 20° in Figs 11.12-11.15 and Figs 
11.18-11.20. In only one case of the seven (Fig. 11.12) is 
@(f) more than 5% different at 2 GHz from the @(f) for 
@ = 20° shown in Fig. 11.22 (which was computed from 
measurements B and from the arguments presented in this 
section its re due to noise can be assumed less than 1%). 
The noise error in the computed T(f) (see Figs 11.24 
and 11.25) can be assumed to be caused entirely by noise 
error in Vp(f) (see eqns 2-28 and 2-30), because 
Vp(f) << Vg(f). Using eqn(2-14) with T = 25 ps, N = 60 (an 
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average for Figs 11.24 and 11.25, see Table 11.6) and 


= 20 pV we obtain (with — = 0.01) e, y = 107" V.Hz. 
: oJ 


on 
‘This corresponds to an error of +0.01 in the computed [(f) 
at all frequencies. The probability that the noise error 
will be within +0.01 anywhere is 0.99’ « 0.93. Timing 
jitter error is within +0.001 (see the first paragraph of 
this section). In Fig. 11.24 the phase of I(f) for @ = 20° 
Sanayes differently to the phase for @ > 20°: this is 
attributed to experimental error. The same is observed for 
9 = 40° in Fig. 11.25 (results for 9 = 20° are not plotted 
here because the computations of both modulus and phase had 
padly deteriorated due to experimental error). Thus the 

-- Phase appears to be more serisitive to experiment noise than 
the modulus. | 

Fig. 11.27 shows the effect of changing the data window 
on the computed B(f). As the data window parameters are 
altered to cut off more of the signal then ripples appear in 
the computed spectra. Fig. 11.27 indicates that truncation 
errors are within about 3%. Notice however, that a small 
amount of truncation causes large errors in the frequency 
locations of the peaks and nulls in the computed B(f). 

There is no simple way of gauging the error in the 
computed frequency responses for bends in wire antennas as 
there is for antenna reflection coefficients (see sections 
2.4.5 and 6.3.4) and antenna far field transfer functions 
(see section 3.4.3). Hones analyses of the kind just outlin- 
ed have to be see, Estimates of their credibility can then 
be made by examining the nepeastend ey cf a measurement. 


Measurements of a known slope (e.g. the reference slope used 
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for the 3-point scan) should always be made since estimates 
of the timing jitter can then be obtained from the residue 


after subtracting the signals, as was done in section 11.2.1. 


11.4 DISCUSSION OF THE RESPONSES AND SUGGESTIONS FOR 

FURTHER WORK | 

Fig. 11.24 shows that both the modulus and the phase of 
the current reflection coefficients for sharp bends (i.e. 
bends whose arc length ie wong much smaller than a wavelength) 
of a given bend angle 6 increase with increasing frequency 
(notice that the phase characteristic is not linear with 
frequency and hence it does not correspond simply to a 
. constant time delay)”. This causes compression of the 
reflected pulse, as anseeves “n section 11.2.1. The shape 
of the phase characteristics indicate that the phase centre 
of ths reflection is near the beginning of the bend (the 
point P in Fig. 11.1) but at 2 GHz a phase advance of only 
about e would correspond to reflection from P. In section 
11.3.1.2 the phase error due to timing shift was stated to 
be less than 2.5° at 2 GHz. The phase of I(f) is observed to 
be about 22° at 2 GHz in Fig. 11.24. This suggests that the 
reflection coefficient of the tip of the wire Bean? (see 
eqn 2-28) is not real as assumed in the computations. § (f) 
could be obtained simply by applying TFT procedures to a 
Ross' (1969a) experiment. ‘This was not done because two 
ground planes were wequiped ( one suspended above the other), 
and the cost of another plane could not be justified for 


The small ripples on the responses are due to truncation 
error. 
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only one measurement. From Fig, 11.24, the magnitude of the 
current reflection coefficient at any frequency is approxin- 
ately proportional to 92°? (0 < 9 < 90°). 
. The current reflection coefficients for the gradual 
bends (i.e. bends whose arc length is comparable to a wave- 
length) shown in Fig. 11.25 decrease with increasing frequen- 
cy (which is logical since we expect the electrical charac- 
teristics of an antenna to depend on its size in wavelengths). 
The phase characteristics. indicate that the phase centre of 
the reflection is near P (see Fig. 11.1) at low frequencies 
(i.e. when the bend is sharp in terms of wavelength), in 
agreement with Fig. 11.24. As the frequency increases the 
_ phase centre of the reflection shifts towards the point Qq. 
The phase angles of all the computed B(f) are positive. 
This means that energy is coupled across the bend, in agree- 
ment with the observations made in section 11.2.3. Consider 
the wire whose B(f) is shown in Fig. 11.23. The difference 
(denoted A) between the direct path 0Z (see Fig. 11.1) and 
the path OPQZ following the wire axis is (from Table 11.5) 
22.2 cm for a @ = 80° bend. This corresponds to a wavelength 
at a frequency of 1.45 GHz and a half-wavelength at 0.675 
GHz. In section 11.2.3 the induced current was shown to be 
in phase with the current travelling along the wire. Notice 
that the first minimum and maximum in |p(f)| occur approxim- 
ately at (altaough slightly higher than) the frequencies at 
which A is a half-wavelength and a wavelength respectively. 
The slightly higher frequencies mean that the phase centre 
for reception corresponds to some point between P and Z 


indicating that the base radiation is received by the whole 
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length PQZ (see Fig. 11.1), also in agreement with the 
observations made in section 11.2.3. An exact phase centre 
_ cannot be obtained because the positions of the maxima and 
Minima were shown in the previous section to be sensitive 
functions of truncation error. All B(f) are Sreatontbhen 
unity at zero frequency because the average value of the 
signal reflected from the tip of the bent wire is higher 
(due to the interception of base radiation) than the average 
value of the signal reflected from the tip of a straight 
wire. Successive maxima and minima Yeeros in amplitude as 
the frequency increases. This shows that attenuation which 
increases with increasing frequency occurs as current” 

- travels spouna. fhe Bend: Comparison of Figs 11.13 and 11.14, 
and Figs 11.16 and 11.17 showsthat there is no significant 
change in B(f) when the wire is fed from the opposite end. 
Comparison of the B(f) for 9 = 60° and 9 = 80° in Figs 11.15 
and 11.20 show that there is significantly more attenuation 
of signals propagating around bends in thick wires than in | 
thin wires: this is consistent with the known behaviour of 
current on straight wires (Andersen, 1968). Fig. 11.26 
shows that @(f) for a strip antenna which is bent in the 
plane of the strip is greater than @(f) for a strip antenna 
which is bent at 90° to the plane of the strip. This is 
partly due to different amounts of coupling from the base to 
the bent section (because the antenna is not cylindrically 
symmetric the base radiation is not omnidirectional in 
azimuth). 

In this chapter it has been demonstrated how the TFT 


technique can be used to study the propagation of current 
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on bent wire antennas. Careful inspection of the time 
Astin pulse responses were necessary to correctly interpret 
the frequency responses: this shows the value of having 

" gimul taneous displays of pulse response and frequency 
response. The measurements and computed results presented 
in this chapter show that. the simple model postulated in 
section 2.5 does not give an adequate representation of the 
behaviour of the current on a bent wire antenna, and they 
suggest the following physical explanation of the current 
propagation. Let the antenna be excited by a step modulated 
monochromatic wave: ‘the current wave travelling to the 
antenna is denoted Ip(f). I,(f) is incident upon the base 
(point 0, see Fig. 11.1) where it is partly reflected, 
partly transmitted onto the artenna and partly radiated. The 
current wave I,(f) which is transmitted onto the antenna 
(see eqn 11-1) is related to Tp(f) by the forward current 
scattering coefficient of the base region (call it ea 
following section 2.5, but remembering that here it relates 
currents and not voltages). ER? incorporates the 
radiation loss. The current wave travels along OP being 
slightly dispersed and attenuated (unless the wire is 
infinitely thin, sections 5.2, 11.1). As the current wave 
travels around the bend PQ it is continuously reflected and 
attenuated (and probably dispersed). . The attenuation (due 
to radiation) is greater than for the straight sections. 

The base radiation induces current all along PQz and this 
adds vectorially to the current travelling along the wire. 
When the composite: current wave arrives at the tip Z it is 


partly reflected and partly radiated: the radiation is 
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directed mainly in the direction of the current before 
reflection (i.e. off the end of the wire) so that, unless 
the bend angle is great Gace section Ad One). little of the 
tip radiation is received by the wire. The radiation loss 

is has snpowatee in the tip reflection coefficient ae 
The current wave travels back down the wire experiencing the 
same attenuation, dispersion and reflection as it did on 
outward propagation (except that no sensible tip radiation 

is received). The current arriving at the base is I,(f), 

and the computed coefficients presented in section 11.5.2 can 
be used to relate I,(f) to the outward travelling wave Iy(f) 
(see eqn 11-1). At the base the current is partly trans- 

- mitted into the line (described by Bight )?3 partly reflected 
back along the antenna (described by Diss) cand paruily 
radiated. The sequence repeats as the reflected current wave 
travels back up the antenna except that the current wave is 
of opposite sign (the current reflection coefficient of the 
open end of the wire is ~ -1) and the radiation which occurs 
as I ,(f) is reflected from the base is of the same sign ae 
that caused by I,(f) incident upon the base (Schmitt et al., 
1966). Thus the current induced: on PQZ and the current 
travelling out along the wire for the second time are out of 
phase at frequencies where they were previously in’ phase. 
Thus the computed a(f) presented in section 11.3.2 only 
represent the first passage of current up and down the wire. 
A transmission coefficient representing the second (and 


subsequent) passages of current would have its maxima and 


minima transposed. 
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To be able to relate the currents on the antenna at 
the base o Ane currents in the feedline knowledge of 
a and ee (which are equal, Montgomery et is 
1948, p148) is required. Also, knowledge of Big? is 
required to relate the incident and reflected antenna 
currents at the base. These coefficients could be obtained 
simply by applying TFT procedures to Ross' (1969a) experi- 


ment. Also, if S (f) ana 8 (f) are known precisely, 
Ayo C44 


4 
then precise measurements of the first tip reflection from 
straight wires of different lengths might enable the atten- 
uation, dispersion and propagation velocity of current on 


straight wires as functions of frequency and distance from 


re. the driving point to be computed. 


The computed p(f) presented in this chapter represent 
both the attenuation of the bend and reception of energy 
radiated from the feedpoint. Thus p(f) is a function of the 
whole wire geometry and the feedpoint geometry, and does not 
describe the local effect of the bend. It would be desirable 
to separate these effects. Application of TFT procedures to 
the multiple reflections of patna pulses on bent and 


straight wires seems a logical approach. 
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Figure 11.2: MEASURED DRIVING POINT RESPONSES OF STRAIGHT 
AND SHARPLY BENT(r=3mm) 0.32cm DIA. WIRES 
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Figure 11.3: RESPONSES OF STRAIGHT AND SHARPLY BENT (re3mm) 
O0.32cm DIA. WIRES AFTER SUBTRACTING RIPPLES 


(a) r=15¢m_ 
©=20° 


(b) r=15¢m 
@=40° 


(c) r=15cem 
@=60° 


(d)r=iScm 
@=80° 


(e) r= 13.5¢em" 


t 
© = 120° i Residue of 


reflection , Effect of tip 
from base radiation 


5 


(fdr=20cm | Ok 
. @=120° 


-0.5 
Amplitudes 4 
in 1 2 3 4 eS, 
millivolts -1.0% L paced! 
Pa SS ee 


Time relative. to origin of measurement interval 


Figure 11.4: REFLECTIONS FROM GRADUAL BENDS IN. 0.64cm 
DIAMETER WIRES , 


243 


(a) Straight wire 


(b) Bent wire, @=20° 


_ Amplitudes in millivolts 


1S (e) Bent wire, @=80° 


Reflection 
5 from bend 


a See “One 
Time relative to origin of measurement interval 


Figure 11.5: REFLECTIONS FROM TIPS OF STRAIGHT AND BENT 
(r=15¢m) 0.64em DIAMETER 75.7cm LONG WIRES 
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Figure 11.6: REFLECTIONS FROM TIPS OF STRAIGHT AND BENT 
(r=i5cm) 0.64cm DIAMETER 90.9em LONG WIRES 
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Figure 11.7 REFLECTIONS FROM TIPS OF STRAIGHT AND BENT 
(rsiScm) 0.64cm DIAMETER 121.3cm LONG WIRES 


Ti (t) = CURRENT PULSE INDUCED ON BENT SECTION OF WIRE 
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FIGURE I.8: SHOWING THE DIRECTION OF THE CURRENT INDUCED ON 
BENT WIRE BY RADIATION FROM BASE. 
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FIGURE I.9: EFFECT OF SUBTRACTING ATTENUATED TIP REFLECTION 
OF STRAIGHT WIRE FROM TIP REFLECTION OF BENT WIRE 


247 


DATA WINDOW : ¢, = 9-15 NS, ty = ONS, 43 =8NS, t4 = DNS. 
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FIGURE 11-10: EXAMPLE OF DATA WINDOW USED TO SEPARATE 
TIP REFLECTIONS. 
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FIGURE I. ? [Ve (F)] USED TO COMPUTE TRANSMISSION COEFFICIENTS B(F) 
AND CURRENT REFLECTION COEFFICIENTS P(F) FOR BENT WIRES. 
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Appendix 1: THE ORGANISATION OF A HYBRID COMPUTER 
PROGRAM FOR SIMULTANEOUS DISPLAY OF TIME DOMAIN 
_ PULSE RESPONSES AND FREQUENCY RESPONSES OF ANTENNAS 


The EAI-590 hybrid computing system of the Electrical 
Engineering Department was used. Its relevant specifications 
are: 

EAI-640 digital computer 

Storage : 16384 16 pit words | 

Memory cycle time : 1.65 microseconds 

I/O devices : Teletype Reyboard and typer, 10 

| characters/second. 
High speed paper tape reader, 300 8 
bit characters/second. 
High speed paper tape punch, 120 8 bit 
characters/second. . 
EAI-260 magnetic disc memory, 360, 448 
16 bit words*, 
Tektronix 611 high resolution storage 
display CRT with special interface. 


+ 3 


Sense switches : 8 
EAI-580 analogue computer 
1 machine unit : 10 volts 
Amplifiers : 28 
Potentiometers : 10 manual set, 40 servo set 


Function relays : 12 


18192 words at the time of programming. 


Not available at the time of programming. 
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D/A high speed switches (1 us) : 8 
AND gates : 32. 
EAI 693 Titasrave 
Logical control lines (D/A) : 4 
Logical sense lines (A/D) : 4 
ADC's (12 bit + sign)? : 16 
DAG's (14 bit + sign)? : 2 
DACG's (12 bit '+ sign)? : 3 
Fig. 2.2 is a simplified block diagram of the measuring 
system showing the information flow. The noe ual is used 


with a Tektronix 181 sampling unit. 


- A1.1 THE ANALOGUE COMPUTER 

The logic patch panel is connected to a control box 
located at the antenna range. The logical condition of the 
sense lines can therefore be altered remotely, which allows 
remote control of the digital supervisory program. 

A potentiometer amplifier network is used to scale the 
vertical output of the sampling unit so that it fits into 
the voltage range of the analogue computer. The sampling 
unit amplitude and time scale calibration factors are stored 
by the digital supervisory program. Three data channels are 
provided from the antenna range and these are multiplexed 
onto the ADC by high speed D/A witenes in response to 
logical control line signals initiated by the digital super- 
visory program. Accurate sample timing is achieved by 
routing the DAC to the horizontal imput of the sampling unit 


another potentiometer amplifier scaling network which 


Not available at the time of programming. 
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incorporates the previously determined sampling unit external 
horizontal deflection factor (see section 3.5). Because the 
high speed data transfer hardware was not installed at the 
time of programming, slow speed (> 40 ms) A/D and D/A con- 
version (to 16 bit accuracy) was achieved by using the anal- 
ogue component monitoring and control channels. | 

The signal to be analysed is displayed on the sampling 
oscilloscope and the measurement interval is chosen. The 
beginning and end of the measurement interval are identified 
with reference voltages supplied from the control box. These 
reference voltages are switched onto the horizontal input of 
the sampling unit and are adjusted while viewing the sampling 


oscilloscope screen. 


A1.2 THE DIGITAL COMPUTER 

The organisation of the program which computes Fourier 
transforms, reflection coefficients and system transfer 
functions is shown simplified in Figs A1.1 and A1.2. The 
required options are requested by sense switch settings. 
The sampling interval was chosen to be 100 ps because of 
aliasing error considerations (section 2.3.3.1.1). Storage 
is reserved for a maximum of 300 samples, which sets the 
maximum measurement interval at 20 nS. This was the length 
of the viewing window on driving point measurement range 
(section 3.2). The frequency response was calculated and 
ivepieged at 10 MHz intervals up to 800 MHz. The Fourier 
transforms sas computed using the trapezoidal rule because 


of the limited storage available (see section 2.4). 
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The reference voltages which identify the beginning and 
end of the measurement interval are read from the control 
box by multiplexing the ADC onto the appropriate data 
channel. The ADC is then connected to the sampling unit 
vertical output, and the DAC scans the time-base step-wise 
throughout the measurement interval One sample is convert- 
ed and stored at each step. Unless computation is requested 
the data is erased from memory and the sampling cycle is 
repeated, so that a visual trace appears on the sampling 
oscilloscope. The sample values may be listed on the typer 
with a sense switch request. 

| Error messages are produced if error conditions arise 
. during sampling, e.g. if the ADC attempts to convert a volt-— 
age which is greater than one machine unit, or if the 
measurement interval is longer than 30 ns. The error sensing 
routines are arranged so that no interruptions in program 
execution occur which require intervention at the computer 
console. This prevents execution being halted by the | 
transient error conditions which often occur during oscillo- 
scope adjustment. 

A large, high resolution, graphical output display is 
presented on a Tektronix 611 storage display oscilloscope 
which has been specially interfaced to the digital computer. 
The display is in polar form and is normalised when it is a 
Fourier transform or system transfer function. Reflection 
coefficient displays are not normalised and each point is 
‘plotted as it is calculated. The output display is recorded 
by photographing it and recordings of the pulse response are 


made on an X-Y pen recorder. 
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FORTRAN was used for the calculation programming and 
ASSEMBLER subroutines were written for all input, output and 
hybrid linkage operations. In this way the advantage of 
problem encoding using a high level language is combined 
with the full instruction repetoir of the ASSEMBLER.’ Also 
significant storage space was saved by performing input- 


output operations from ASSEMBLER subroutines. 


yes 


Enter scales? 


Accept oscilloscope time and 
amplitude scale factors from 
teletype keyboard, Calculate 
incremental scanning voltage 
for 100pS sampling interval. 


Read start and finish of sampling 
time reference voltares,. 


Calculate number of 100pS samples 
to be taken and initialise 
scanning voltage to start voltage. 


Scan sampling unit, convert 
and store one sample. 


Increment scanning voltage. 


| 


Finish voltage? 
yes 


Cor ? 


lyes 


To calculation and 


Manual control from display routines. 
antenna range or se 
from computer console, 


Figure Al.1: ORGANISATION OF HYBRID COMPUTER PROGRAM. 


(a) THE DATA SAMPLING CYCLE. 
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Entry from data sampling cycle. 
data for first frequency. 
coeff., erase CRT screen, 
draw graph axes, 
[Hore Finet frequency 
ee FT for next freq. _| 
store next freguency. 


To data | , Reflection es [Calculate first refln. 
cycle, 
initialise plot routine. 
Reflection es[Calculate next refin. 
coefficient? coeff. and plot. 
no 
¥es 


Reflection 
coefficient? 


no 
ASE: es nea 
Transmission \_._|Calculate transmission 
coefficient? ues for all freas. 


Erase CRT screen, draw graph 
axes, normahise frequency 4 
response and plot, 


 * Manual control from antenna’ range. 


Figure Al.2: ORGANISATION OF HYBRID COMPUTER PROGRAM. 


(b) CALCULATION AND DISPLAY. 
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Appendix 2: THE ORGANISATION OF AN ON-LINE HYBRID 
COMPUTER PROGRAM FOR 3-POINT SCAN SAMPLING 


The 3-point scanning method of sampling is described in 
section 2.3.6. Insufficient stenuece remains in the hybrid 
program of Appendix 1 to include a versatile 4-point scan 
sampling routine. Therefore a general program was written 
to sample any signal displayed on a sampling oscilloscope 
which is compatible with the voltage range of the analogue 
computer. The sampled data is then punched onto paper tape 
in a suitable format so that it may be subsequently processed 
en SPbiee the milo ainieal conpuker ov an SE peo au 


_ digital computer. 


A2.1 TIMING THE SCAN SEQUENCE 


Measurements of the sampling oscilloscope noise, such 
as those shown in Figs 2.3 and 2.4, were used to determine 
the timing of the scan sequence. The risetime of the noise 
at the vertical output of the sampling oscilloscope was 
measured at about 2 ms, but was probably aie Beates since 
the pen recorder bandwidth was limited. The risetime of the 
low-pass filter should therefore be longer than 2 ms for 
effective noise filtering. The output zero level drifted 
significantly (1 mv referred to the input at 5 mV/cm) in 
times as short as 200 ms, therefore the scan sequence must 
occur faster than 200 ms. A scan sequence time of 150 ms was 
chosen (i.e. 50 ms for each measurement) and the low-pass 
filter risetime was set at 6.5 ms. This allows the filter 
output voltage to slew to 99% of a step change of input 


voltage before conversion. 
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A2.2 THE ANALOGUE COMPUTER 

The function of the analogue Sompater is the same as 
for the program described in Appendix 1. Five data channels 
er provided, the extra two being for voltages which 
represent t, and ty (see Fig. 2.8). The five logic signals 
which control the multiplexing of these channels are derived 
by logically decoding the four control line signals using 
the logic AND gates. A leaky integrator is used as a low 
pass filter, and a 0.068 UF capacitor connected across the 
amplifier's internal 100 K ohm feedback resistor gives the 


required risetime. ) 


_ A2.%4 THE DIGITAL COMPUTER 

The program organisation is given in Fig. A2.1. The 
number of times the signal is to be scanned is set on the 
sense switches. The amplitude and time drift correction 
routines may be disabled by sense switch settings thus allow- 
ing faster sampling for high amplitude signals if high accur— 
acy is not required. 

The 50 ms delay between scanning the sampling unit and 
reading the displayed voltage is obtained by executing a 
delay loop in the program the required number of times. At 
the completion of each scan of the signal the maximum differ- 
ence between the sampled values of the old average and the 
average updated by the latest scan is typed. The scanning 
may then be interrupted if the difference is acceptably 
small. When scanning is complete the values are punched 


onto paper tape. 
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A2.4 PAPER TAPE FORMAT 

The sampled values are sense internally as integers in 
“Gye Banke 1630546 “16583. (ice. 42 bite wth sien. The. 
negative numbers are stored in twos complement form. Before 
punching the values are converted into 15 bit positive 
integers by displacing the zero level to a value of 16384, 
The values are then punched onto eight channel paper tape 
with the most significant eight bits occupying the first 
frame (with a hole representing a bit high), and the least 
significant eight bits occupying the second frame. This 
format is ionmated in Fig. A2.2. Because the IBM 2671 
paper tape reader (used to input the data to the 360/444) 
- ignores tape frames which have no holes punched it is 
necessary to ensure that at least one hole is punched in each 
tape frame. Bit O (see Fig. A2.2) is set high for every data 
word and bit 15 is set high if bits 8-15 are all zero. ° Bit 
QO is then subtracted after the tape has been read and the 
effect of the occasional setting of bit 15 is insignificant 
(even if the range of data values occupy only a quate of 
the allowable range, the error in any sample value with bit 


45 set is only 0.025% of the maximum sample value). 


A2.5 CARD FORMAT FOR IBM 360/44 PROCESSING 

The IPM 360/44 digital computer is operated as a batch 
gob processor with card input. Submitting input data on 
paper tape often delays job processing. If the data was to 
be used as progvam input more than once it was transferred to 
cards. The data (which was input to an integer array with a 


2-byte word length) was punched onto cards in 47A2 format. 
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This format makes the most efficient use of the cards. The 
remaining six columns were used for a sequence number. This 
is a worthwhile insurance because it is extremely difficult 


to sort the cards by visually inspecting the data. 


A2.6 THE EFFECTIVENESS OF 3-POLNT SCANNING 

To demonstrate the effectiveness of 4-point scanning 
the digital computer program described in section A2.4 was 
modified in the following way. After Sncnsuseseuive scan of 
the signal ks mean and the standard deviation, ae well as 
the maximum value, of the difference between the sampled 
values of the old average and updated average of the nieasured 
“ signal were typed. The standard deviation (or RMS value) is 
a measure of the effective noise level of the measurement. 
A signal was then displayed on the sampling oscilloscope (it 
was the test pulse used for the driving point measurements of 
the fan antennas reported in chapter 6) and measured in three 
ways: | 

1) with 4-point scanning, 

2) with normal scanning (i.e. the amplitude and time 
drift correction was disabled), 

4) with 4~point scanning but with the low-pass filter 
connected between the oscilloscope and the ADC 
removed. . 

The peak value of the signal at the input of the sampling 
oscilloscope was -175 mv, and 295 samples were taken at 100 
ps intervals. ‘12 scans of the signal were made and the 
improvements in accuracy obtained by averaging are shown in 


Fig. A2.4. Notice that by averaging only two scans of the 
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signal the effective noise level of the nceeusenent is only 
0.42 mv when 3-point scanning is used. This is an improve- 
ment of 10 dB (epptcaliy the RMS noise level of a sampling 
“oscilloscope is 1 mv referred to the input; section 2.3.3.2.1). 
The improvement after 12 scans is 28 dB. In an experiment 
reported in section 9,4 an improvement of 40 dB was obtained 
by averaging 24 scans. Because the amplitude and time drift 
are corrected for in 3-point scanning the effective noise 
level becomes smaller more quickly than with normal scanning, 
which means that to obtain similar accuracy using normal 
scanning many more scans have to be averaged. The importance 
of filtering the high frequency noise is clearly shown, for, 
in spite of 3-point scanning, worse results than for normal 


scanning are obtained. 


A2.7 SUBSEQUENT IMPROVEMENTS TO THE PROGRAM 

Following the installation in the EAI-590 hybrid comput- 
ing system of high speed ADC's and DAC's (= 30 yS conversion 
time) the program was improved by J.R. Allen, as part of his 
research for the Master of Engineering (M.E.) degree. The 
improvements made included: : 

1) Automatic measurement of reference slope. 

2) The reference voltages identifying start and end of 
sampling times are measured only at the beginning of 
each set of experiments. This was done to eliminate 
timing shifts caused by drifting reference voltages 
(see section 11.43.1.1). 

4) If the time drift exceeds the limits of the reference 


slope then measurement is interrupted until it drifts 


4) 


6) 
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back again (this meant that an extra point on the 
slope had to be measured). 

Improved printout between scans includes RMS noise 
level, signal/noise ratio and mean value of noise. 
By reducing the scan cycle time to 100 ms (permitted 
by the faster hardware) a noise reduction of 40 4B 
is attained in only 17 scans instead of the previous 


o4. 


Accept oscilloscope scale factors, 
reference slope, and sampling 
interval from teletype keyboard. 


Read start and finish reference 
voltages. Calculate number of 
samples, read number of scans from 
sense switches and initialise 

scan counter. Clear vector of 
sample values to zero, 


Increment scan counter and 
initialise scan voltage to start time. 


x 
yo. ve 
3° 


Calculate scan voltage for ¢ 


— 


yes 


Time drift 
correction disabled? 
yes | 


Correct scan voltage, read v 
and correct for amplitude dr 


Pet. 


Scale v, into 1h bit integer range 
and. update stored average. 


no ‘Finish time? | : . 


yes 


Print max. difference between previous 
and updated averages on typer. Plot 
updated average on CRT. 


ind of Scan loop? 
yes 


< Punch data onto tape? 


yes 


Convert data into form suitable for 
punching, and punch onto paper tape. 


Read v,, 
amplitude drift, and 
calculate correction 
to scan voltage. 
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Amplitude drift 
correction disabled? pig eee 


correct for 


* Manual control 
from range. 


Figure A2.1: THE ORGANISATION OF AN ON-LINE HYBRID COMPUTER 


PROGRAM FOR 3-POINT SCAN SAMPLING. 
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FIGURE AZZ: ILLUSTRATION OF PAPER TAPE FORMAT FOR 
ONE DATA WORD. 
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0-0-0 3 POINT SCANNING 

d-é-& 3 POINT SCANNING WITHOUT 
LOW PASS FILTER 

xX NORMAL SCANNING 
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NUMBER OF SCANS 


FIGURE AZ2-S ‘EPFECTIVENESS OF @ POINT SCANNING 
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Appendix 3: CALCULATION OF T(f) AND R(f) FOR A 0.45 m LONG 


MONOPOLE AT FREQUENCIES WHEN IT IS A QUARTER-WAVELENGTH - 
LONG AND THREE QUARTER-WAVELENGTHS LONG 


4) TCE) 
The current distribution on the monopole is assumed to 


be, at the mth resonance, 
T(z) = T9(m) cos(mnz/L) , m= 1,3,4... : (A3-1) 


where z is the distance along the monopole and Ip(m) is the 
value of the current at the base of the monopole (i.e. at 
z= 0). The time dependence dwt is suppnesaeas The 

- radiated electric field intensity in the equatorial plane a 
distaace r from a dipole of length 1 = mdA/2 is given by 


Silver (1949, p98): 


I9(m) sin(mn/2)e7 JST 
E=j fp Be EEE ee eee: 
E Cnr 


(A3-2) 


where Ip(m) is the value of the current at the centre of the 
dipole, is the permeability of free space and e is the 
permittivity of free space. Substituting \p7e = 120n ohms 
we obtain 


j 60 I9(1) e Jkr 


Ey = 2 - (A3~3a) 


for m = 13 and 
-j 60 I9() @ 9 
a ae (A3-3b) 


r 


for m = 4. By image theory (Harrington 1961, section 3-4) 


the radiated electric field intensity for a monopole is the 
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same as that for a dipole with the same impressed current. 


From eqns (3-6) and (3-7) 


191) = ag ay (A3-4a) 
and _— ‘ 
193) = ages (A3—U'b) 


where Z(1) and Z(3) are the values of Z(f) when the monopole 
length 1/2 = A/4 and 3/4 respectively. Using Z2(1) = 35 
ohms and Z(3) = 53 ohms (Stratton 1941, p44) and substitut-— 


ing eqns (A3-4) into eqns (A3-3) we pbtain 


-jkr 
EB, = j 1.41 U(f) 2—— (A3-5a) 
and oe 
ar Jdkr 
E, = -J 1.165 U(f) = =— . (A3-5b) 


Thus from eqn(2-20) the transmit transfer functions for 
frequencies when the monopole is a quarter-—wavelength long 


and three quarter-wavelengths long are 


T(1) = 1.41/90° ; (h326a) 
™(3) = 1.165/-90° . : (A3-6b) 
2c BCE) 


The effective length of an antenna for receiving is the 
same as its effective length as a transmitting antenna 
(Jordan and Balmain 1968, section 11.02). Assuming the 
current distribution when transmitting is given by eqn (A3-1), 
the effective heights of the monopole at its quarter- 
wavelength resonance h,(1) and at its three quarter-wavelength 


resonance a0) are 


n,(1) 


n, (3) 


Using egn( 
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; 1/2 

“ren ip T9(1) cos(nz/1) az = Yn ; (A3-7a) 
e 1/2 : 

so co T9(3) cos(3mz/1) dz = -1/3n. (A3-7b) 


3-11), the receive transfer functions for a mono- 


pole of 1/2 = 0.45 m when it is a quarter-wavelength long 


and three 


R(1) 


R(3) 


quarter-wavelengths long are 


0.168 metres; (A3-8a) 


-0.0464 metres. -f (A4-8b) 


Appendix 4: SUMMARY OF SAMPLING PARAMETERS FOR MEASUREMENTS REPORTED IN PARTS I-III 


Number of Figure | Number of Figure! Tektronix 


in which result |in which test |loscilloscope spar tacean Number of|Method of rere ha ae Method of ree 
of measurement pulse is used for © (ps) samples Nj sampling Bneaaes smoothing { a pay 
is recorded. recorded. receiver P PaOrese ts eure 
255 4,5 151 Normal EAT -590 Noné CRT 
3.11 | 57 ‘AS Normal EAT-590 None CRI 
3.12 327 ~ 481 Normal EAI-590 None CRT 
3-point eqn(2-12a) | 
Oey Dao 4.5 _ 181 (B geen) IBM 360/44 eo O85 IBM 1627 | 
Gs 5 4.5 181 Normal EAT-590 None CRT 
3-point : eqn(2-12a) 
6.6, 6.7 4.12 182 (4 scans) IBM 360/44 ws 0.8 IBM 1627 
65847555 Feo 3-point eqn(2-12a) 
7.6, 7.79" 7.43 4.5 181 (4 scans) 7 360/44 w= 0.5 IBM 1627 
9.2 ew, 151 Normal EAT-590 None CRT 
9.3 367 181 Normal EAI-590 eqn(2-12b) CRT 
9.5, 9.7 orn 181 Normal EAI-590 eqn(2-12b) CRT 
J-point | eqn(2-12a) 
9.9, 9.10 4.12 182 (24° scans) IBM 360/44 = - 05 IBM 1627 
9.11a, 9.11b By 151 Normal EAI-590 eqn(2-12b) CRT 
9.16 Dal 181 Normal EAT-590 eqn(2-12b) CRI 


~ 
~~ 
16s) 
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